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NOTES ON MOISTURE EXPANSION* 


By H. THIEMECKE 


ABSTRACT 


Moisture-expansion determinations were made over a period of more than three years 
on bisque and glazed specimens of two types of semivitreous bodies having approxi- 
mately the same absorption which were exposed to four different atmospheric condi- 


tions. 


The data indicate the cone 6 talc-pyrophyllite body to expand less under all 


conditions of exposure than the cone 9 clay-flint-feldspar body. Glazed specimens of 
both bodies expanded more than the bisque specimens and a possible explanation is 


given. 


From mathematical considerations, a three-year storage period appears to be 


sufficient to permit moisture expansion that closely approaches the ultimate which 


might be expected in the types of bodies investigated. 


The autoclave treatment gave 


the highest expansion values and should serve as an index of the service performance 


as to delayed crazing of ware so tested. 


|. Introduction 
Of the various reports' on moisture expansion of 
ceramic bodies, none includes data covering the rate of 
such expansion shortiv after removal from the kiln. 


* Presented at the Forty-Sixth Annual Meeting, The 
American Ceramic Society, Pittsburgh, Pa., April 5, 1944 
(White Wares Division). Received September 9, 1944. 

' (a) H. G. Schurecht, ‘‘Methods for Testing Crazing 
of Glazes Caused by Increase in Size of Ceramic Bodies,” 
Jour. Amer. Ceram. Soc., 11 [5] 271-77 (1928). 

(6) H. G. Schurecht and G. R. Pole, ‘‘Effect of Water in 
Expanding Ceramic Bodies of Different Compositions,”’ 
ibid., 12 [9] 596-604 (1929). 

(c) H. G. Schurecht and G. R. Pole, ‘‘Methods of Meas- 
uring Strains Between Glazes and Ceramic Bodies,” thid., 
13 [6] 360-75 (1930). 

(2) H. G. Schurecht and G. R. Pole, ‘‘Moisture Expan- 
sion of Glazes and Other Ceramic Finishes,"’ zbid., 14 {4} 
313-18 (1931) 

(e) E. P. Wright, ‘‘Study of Absorption of Two Earthen- 
ware Bodies and Their Resistance to Crazing in Steam 
Test,” thid., 12 118-22 (1929) 

(f) R. G. Mills, ‘‘Use of Autoclave in Testing Ceramic 
Products for Resistance to Crazing,”’ ibid., 13 |12| 903-14 
(1930). 

(g) H. H. Holscher, ‘Effects of Autoclave Treatments on 
Ceramic Bodies and Clays ibid., 14 [8] 207-18 (1931) 

(h) H. E. Davis and R. L. Lueders, ‘‘Simplification of 
Ring Method for Determining Glaze Stresses,"’ ibid., 15 
[1] 34-36 (1932). 

(i) E. H. Lintz, ‘‘Use of Tale and Pyrophyllite in Semi- 
vitreous Dinnerware Bodies,” tbid., 21 229-37 (1938 

(j) R. F. Geller and A. S. Creamer, ‘Note on Moisture 
Expansion of Ceramic Whiteware in Storage and in Serv- 
ice,’ tbid., 24 77-79 (1941). 

(k) W. E. Palmer, ‘Influence of Flint Particle Size on 
Permanent Moisture and Thermal Expansion in Porous 
Earthenware Bodies,” 25 413-16 (1942) 


To supply such information in part, moisture-expansion 
determinations were made at various intervals on spec- 
imens of two types of semivitreous dinnerware bodies 
stored under varicus atmospheric conditions after fir- 
ing. 


ll. Bodies and Methods 

The investigation covered a cone 9 clay-flint-feld- 
spar body and a cone 6 body composed of clay, flint, 
feldspar, tale, and pyrophyllite. The absorption 
values of the bisque bodies were 9.0°° and , re- 
spectively. The methods of preparation of the speci- 
mens and expansion determinations were similar to 
those reported in a previous investigation’ on mois- 
ture expansion. Half of the cone 9 body specimens 
were covered with a cone 5 glaze and half of the cone 
6 body specimens with a cone 02 glaze. To maintain 
the same heat-treatment for both types of specimens, 
the unglazed rods were fired with their respective 
glazed ones; but to obviate contamination by the vola 


(1) H. Thiemecke, ‘‘Thermal and Moisture Expansion 
of Kaolins and Bodies at Different Temperatures,” ihid., 
24 [2] 69-75 (1941). 

(m) H. Thiemecke, ‘‘Thermal and Moisture Expansion 
of Ball Clays and Bodies at Different Temperatures," 
ihbid., 26 173-79 (1943). 

(mn) H. H. Holscher, ‘‘Expansion of Ceramic Bodies 
Caused by Liquid and Vapor Penetration,’ Ohio State 
Univ. Eng. Expt. Station Circ., No. 22, 24 pp. (1931); 
Ceram. Abs., 16 {2| 68 (1937). 

(o) R. F. Geller and A. S. Creamer, ‘‘Moisture Expan- 
sion of Ceramic Whiteware,”’ Bur. Stand. Jour. Research, 
9 [3] 291-307 (19382); RP 472; Ceram. Abs., 11 [12] 622 
(1932). 
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TABLE I 
PERCENTAGE MOISTURE EXPANSION OF CONE 6 TALC-PYROPHYLLITE Bopy ExPposeD TO DIFFERENT CONDITIONS 
” Air exposed (%) Over H2SO, (%) H:O submerged (%) . Steam autoclaved (%) 
i (days) Bisque Glazed Bisque Glazed Bisque Glazed Bisque Glazed 
2/24 0.002 0.008 0.000 0.002 0.023 0.033 0.064 0.083 
. 006 .023 . 000 O11 .028 .047 
19/24 O11 .039 .000 .020 . 030 .055 
.042 .000 .023 .O31 . 056 
2 017 047 000 029 .033 059 
3 O18 .000 .033 .034 .061 
4 O51 .000 .033 .035 . 062 
7 052 000 033 037 064 
14 .020 .053 .000 .033 .039 . 066 
21 .020 . 0538 .000 .033 . 068 
42 .022 .000 .033 .044 . 069 
63 , 023 .057 . 000 .033 .046 .071 
93 . 058 .000 .033 .072 
155 .027 .000 .033 .050 .073 
365 . 0638 .000 .033 .055 
803 .039 .000 .033 .061 979 
1160 .042 .069 .000 .033 . 062 .081 
tils of the glaze, the unglazed rods were housed in a 008 
tightly fitting refractory container. After removal 
from the kiln at around 400°C., the specimens were — 0a 
cooled in a desiccator over concentrated sulfuric acid, = & 
quickly measured, and equal portions were (1) ex- vas 
posed to the laboratory atmosphere, (2) submerged in & 
distilled water, (3) stored in a desiccator over concen- 002 
; trated sulfuric acid, and (4) autoclaved for three hours 
at 150 Ib. steam pressure. Except in the case of (4), a 
expansion determinations were made at various inter- Time (days) 
vals over a period of more than three years. Fic. 1.—Moisture expansion of cone 6 talc-phyrophyl- 


lite semivitreous body; curve (1), glazed specimens water 
submerged; curve (2) glazed specimens in atmosphere; 
curve (3) bisque specimens water submerged; curve (4) 
glazed specimens in desiccator; curve (5) bisque specimens 
in atmosphere; curve (6) bisque specimens in desiccator. 


Ill. Results and Discussions 


Values for the moisture expansion obtained under 
the foregoing conditions are given in Tables I and II 
and Figs. | and 2. The data indicate the clay-flint- traction along different axes of the unoriented cristo- 
feldspar body to show a substantially higher expansion — balite particles present. This dilatation is additive to 

P in the presence of water than the tale-pyrophyllite that caused by the steam hydration. 

body. The rate of this expansion is also higher for the The tendency of the clay-flint-feldspar body to ex- 
clay-flint-feldspar body. As expected, the initial rate pand more in the presence of even low-moisture con- 
of expansion of both bodies was much greater when centrations is shown in the results obtained on the 
submerged in water than when exposed to air. After specimens held over concentrated sulfuric acid. Under E 
this initial expansion, however, the rates of expansion these conditions, the tale-pyrophyllite body unglazed 

of the water-submerged and air-exposed specimens ap- rods showed no expansion whereas the clay-flint-feld- 

proached each other more closely and those for the spar bisque rods showed a slight expansion resulting 
tale-pyrophyllite body became almost identical. The either from the water vapor ever present over sulfuric 

rapid initial rehydration of the air-exposed specimens is acid or from that encountered during the short expo- 

significant, indicating great avidity for moisture. Of sures to the air when the specimens were removed from 

further significance is the asymptotic approach of the — the desiccator for measuring. 

expansion of the water-submerged specimens to the The higher expansion under all exposure conditions 

steam autoclave values. Since from a moisture-ex- of the glazed rods of both bodies is interesting. This 

pansion standpoint water submersion represents the increased expansion was at first thought to be due to 

most severe service condition a semivitreous ware the alkali which may have volatilized into the body 

might encounter, the more severe autoclave test de- from the glaze, but the consistently higher expansion of 

veloped by Schurecht!™ in his pioneering work can be _ the glazed rods in the desiccated atmosphere precluded 

accepted as an index of the service performance that this assumption. An explanation was then sought in 

might be expected of ware so tested. That the the difference between the thermal expansions of the 

expansion due to the water submersion would ever bodies and glazes and the plastic properties of the | 
equal that obtained in the autoclave is problematical, glazes. Since both bodies had a higher thermal ex- 
however, since a steam pressure of 150 lb. requires a pansion than the respective glazes with which they 
temperature of 183°C.; this is sufficient to produce were covered (thermal expansion 25° to 600°C. of cone 
small voids owing to the unequal expansion and con- 9 body was 0.53%; cone 5 glaze, 0.38%; cone 6 body, 
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TABLE II 
PERCENTAGE MOISTURE EXPANSION OF Cong 9 SEMIVITREOUS Bopy ExPosEp TO DirFERENT CONDITIONS 


i Air exposed (%) Over HsSO« (%) H1O submerged (%) Steam autoclaved (%) 
(days) Bisque Glazed Bisque Glazed Bisque Glazed ” Bisque Glazed 
1/24 0.012 0.003 - 0.000 0.002 0.030 0.053 0.145 0.174 
7/24 .023 .018 .000 .005 .040 .080 
19/24 .028 .042 .000 011 .043 088 
1 030 .047 000 014 .045 090 
2 033 .055 000 021 .047 093 
3 035 .059 000 027 .049 095 
4 035 . 062 000 027 .052 097 
7 037 .068 000 027 .055 098 
14 .039 .071 000 027 .059 103 
21 .043 .072 000 027 . 064 107 
28 .046 .075 
42 .049 .080 .002 027 .069 112 
49 .049 .082 .002 027 .074 114 
63 .052 .084 .004 * 028 .078 118 
91 .058 .088 .083 125 
119 .064 .092 .087 128 
154 . 066 .092 004 030 .095 130 
365 078 .103 006 031 .113 146 
803 .091 .113 .009 034 . 133 164 
1160 .096 .118 .010 036 .143 172 
Glast autoclave value 
my 
Bisque autoclave vgh x 
té) Sa Hamy 
= 
008 _ 70 140 280 420 560 700 840 1260 
& Time (days) 
Fic. 3.—Relation between observed and ultimate expan- 
sion of cone 9 semivitreous body exposeil to atmosphere. 
” 70 140 280 420 560 700 840 1260 
Timeldays/ 


Fic. 2.—Moisture expansion of cone 9 semivitreous 
body; curve (1) glazed specimens water submerged; curve 
(2) bisque specimens water submerged; curve (3) glazed 
specimens in atmosphere; curve (4) bisque specimens in 
atmosphere; curve (5) glazed specimens in desiccator; 
curve (6) bisque specimens in dessicator. 


0.62%; cone 02 glaze, 0.40%) in cooling from the 
transformation poiuts of the glazes, the rods might be 
considered to have compressed the more or less still 
plastic glazes into ridges. As the glazes became more 
rigid with time at room temperature and began to 
straighten out, the rods were placed in tension and 
elongated. In an effort to substantiate this view, sev- 
eral additional rods were covered with a high-expansion 
glaze of high alkali content (which was finely crazed on 
removal from the kiln) and under the various conditions 
of exposure imposed were found to have practically the 
same expansion as the unglazed rods. 


IV. Mathematical Considerations 


Granting that the autoclave value represents the 
maximum moisture expansion obtainable in a porous 
ceramic body, it would be desirable to know also the 
ultimate expansion that would obtain under storage in 
the atmosphere. Assuming that the expansion is di- 
rectly dependent on the weight of water taken up by 
the body either by absorption or chemical combination, 
if the weight of water taken up in time ¢ is y and if m is 
the maximum weight of water taken up in storage, then 


(1944) 


the velocity of expansion may be represented by the 
proportionality (1). This may be expanded to equa- 
tion (2) and on clearing yields equation (3). 


d 
a(m — 9) (1) 
dy, 
dt, 
dy, m— ys (2) 
dy dys 
at, ~ at 
— (3) 
dy, _ dys 
dt, dt, 
dy 
y = m(l — (5) 


It is thus possible in Fig. 3, in which is plotted the ex- 
pansion data obtained on the cone 9 clay-flint-feldspar 
bisque specimens stored in the atmosphere, to deter- 
mine the maximum expansion, m, by taking several val- 
ues of y and measuring the tangents at these points. 
The accuracy of this determination obviously is in- 
fluenced by the accuracy involved in measuring the 
tangents at the two y points and may be enhanced by 
using a number of y values and then averaging the vari- 
ous m values obtained. By placing proportionality (1) 
into the equation form (4) and then integrating, the 
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exponential equation (5) may be derived in which k 
may be regarded as the fraction of the ultimate ex- 
pansion taking place in unit time. In an exponential 
process such as this, the accuracy of the m-value deter- 
mination may be checked by plotting log (m — y) 
against time, since for the correct velue of m a straight 
line should result.? Considering the case of the cone 6 
and cone 9 bisque specimens exposed to the atmosphere 
whose expansion is not complicated by that of the 
glaze, the ca'culated values for m were 0.044% and 
0.097%, respectively. These values closely agree with 
those obtained experimentally covering an exposure of 
over three years and indicate that after this length of 
exposure not much change may be expected in the 
moisture expansion of the two types of bodies studied. 


Summary 
Of two types of semivitreous dinnerware bodies hav- 
ing approximately the same absorption, which were in- 
vestigated for a period of over three years, the cone 6 


2? F. H. Getman, Outlines of Theoretical Chemistry, p. 
435. John Wiley & Sons, Inc., New York, 1928. 


tale-pyrophyllite body showed the least moisture ex- 
pansion under various conditions of storage. Both bod- 
ies apparently have a strong affinity for water as is evi- 
denced by the rapid initial expansion which later ap- 
proached an ultimate value asymptotically. A three- 
year storage period appears to be sufficient to give ex- 
pansion values which closely approach the ultimate that 
may be expected. 

The autoclave treatment gave maximum expansion 
values and such exposure should indicate the resistance 
of ware so tested to delayed crazing due to moisture 
expansion. 

Specimens covered with glazes of low thermal ex- 
pansion dilated more than the corresponding bisque 
specimens but, when covered with a high thermal-ex- 
pansion glaze which crazed, they showed approximately 
the same moisture expansion as the bisque rods, indi- 
cating thereby the partial effect of stresses that occur 
due to differences between the thermal expansions of a 
body and glaze. 


Homer LAUGHLIN CutIna COMPANY 
NEWELL, WEST VIRGINIA 


CONE 01 GLAZES FOR LOW-TEMPERATURE VITREOUS WARE* 


By JoHN Margulis 


ABSTRACT 


The production of two-fired vitreous ware using a nepheline syenite body biscuited 
at cone 4 requires a glaze of low expansion maturing at cone 01 or below. Such a glaze 
can be produced using not more than 0.05 K NaO and up to 0.19 MgO in the empirical 
formula if 70 to 80% of the glaze batch is fritted. Such glazed ware showed good re- 
sistance to crazing, and modulus of rupture and scratch-hardness values were equal to 


commercial hotel china. 


|. Introduction 

This investigation was established to produce a glaze 
similar in some respects to the dinnerware glazes now 
used but incorporating several unique properties involv- 
ing maturing temperature, thermal expansion, hard- 
ness, and effect on underglaze colors which specially 
adapt it for use on a vitreous body containing from 54 
to 60% nepheline syenite. The maturing temperature 
at cones 02 to 01 is five cones below that of the body 
and provides a safe range for two-fire ware to eliminate 
any unnecessary warpage in the glost fire. 

A standard cone 4 dinnerware glaze which exhibits 
good fit on hotel china will often have poor craze resist- 
ance on the svenite body glost fired to cone 01. — Evi- 
dence for this fact is shown by the glazed-ring test in 
which a compression of over 0.05 mm. exists on the 
former type ware but only 0.018 mm. compression on 
the latter ware. For good glaze fit at cone 01, there- 


* Presented at the Forty-Sixth Annual Meeting, The 
American Ceramic Society, Pittsburgh, Pa., April 5, 1944. 
Received September 15, 1944. 


fore, the thermal expansion of the standard glaze must 
be lowered by increasing those oxides with low expan- 
sion and decreasing those with high expansion. ° 

In fulfilling these two objectives, the glaze should 
not lose any of the properties of scratch hardness and 
resistance to acid attack found in commercial hotel 
china glazes. There should be no substantial increase 
in those oxides, such as K,O, Na.O, PbO, and B.Os, 
which produce “‘soft’’ glazes. 

Because a body of this type lends itself to underglaze 
colors, zinc and zincless glazes were produced to pro- 
vide an opportunity for a wide range of colors. 


ll. Procedure 


(1) General 

The research has been conducted in two phases as 
follows: (1) The laboratory investigation of possible 
glaze ingredients was made, and the best combination 
of the RO oxides was determined by two triaxial stud- 
ies. (2) A plant trial was made in a commercial cone 
02 tunnel kiln of the best glazes, and the resulting ware 
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was subjected to the following tests: modulus of rup- 
ture, glazed-ring, thermal shock, autoclave, impact, 
chipping, scratch hardness, and frit solubility. 


(2) Specific 

(A) Bodies: The experimental glazes were appliea to 
vitreous syenite bodies, similar in composition to those 
developed by Koenig.! Table I gives the composition 
of three of these bodies which vary only in the choice 
of ball clays employed. In the laboratory, ware similar 
to No. 11 body was used. Five-inch plates, rings, and 
bars all made from No. 10 body were used in the first 
plant trial. The second plant trial was made on 5-in. 
plates jiggered from No. 13 body. 


TABLE I 
COMPOSITION OF THREE NEPHELINE SYENITE BODIES 
No.10 No.1l1 No. 13 


Material body body body 
Nepheline syenite 54 54 54 
Flint 6 6 6 
Edgar plastic kaolin 8 8 8 
Harris Lunday kaolin 8 8 8 
Pioneer Ga. kaolin 8 8 8 
Old Mine ball clay No. 4 16 8 
Bell dark ball clay 16 8 


(B) Tests: The testing of the physical properties of 
the glazes was conducted according to the following pro- 
cedures: 

(i) \Wedulus of Rupture: Bars were cast from molds 
7 in. long and 1 sq. in. in cross section. The average 
modulus of rupture was determined on both glazed and 
unglazed fired bars. 

(ii) Glased-Ring Test: Rings were cast which when 
fired measured 2*/, in. in diameter, */s in. high, and '/, 
in. in width of the band. Glaze was applied only to the 
exterior circumference, the top, bottom, and interior 
being left bare. After the glost fire, two brass tabs 
were applied to the top of the band */,.in. apart. Ref- 
erence points were scratched on both tabs, and the dis- 
tance between them was measured with a microscope 
equipped with a filar head so that readings could be 
checked to +=0.004 mm. The ring was sawed in be- 
tween the two tabs and the measurement again taken. 
A closing up of the ring indicated glaze compression and 
and opening up indicated tension. 

(iii) .4utoclave: The autoclave is primarily a test 
for semivitreous ware in which moisture expansion can 
occur. Since the test plates im the first plant trial had 
an absorption of over 2%, the autoclave gave signifi- 
cant results of the craze resistance of the various glazes. 
The test, run for one hour at 150 Ib. per sq. in., was 
reached after a preliminary hour in which the pressure 
was increased 25 lb. every ten minutes and was followed 
by an hour's decrease of pressure at the same rate. 

(iv) Thermal Shock: Two thermal-shock tests were 
emploved. The first one consisted of quenching the 
ware in water at 25°C. after it had been in a thermo- 
statically controlled oven at 200°C. for a one-hour 


1C. J. Koenig, ‘‘Low-Temperature Vitreous Bodies,’ 
Jour. Amer. Ceram. Soc., 25 [9] 230-36 (1942). 


(1944) 


period. The second test was conducted in the same 
fashion except that the oven temperature was at 175°C. 
The successful passage of five cycles in the latter test 
insures good glaze fit.2_ The former test is more severe 
and was used to obtain comparative values among the 
glazes. 

(v) Impact: The impact test was conducted by 
dropping a l-ounce ball on the center of the test plate 
from steadily increasing heights. When the blow was 
sufficient to cause the glaze to star on the bottom, the 
height of the fall was recorded, the plate was broken, 
and the thickness at the point of the star was measured 
with micrometer calipers to 0.001 in. The impact 
value was determined from formula (1). 


height of drop (in.) 
16 X plate thickness (in.) 


Impact value = (1) 

(vi) Chipping: The chipping of the edges of the 
plates was executed using a 5-ounce hammer which 
swung as a pendulum along a scale calibrated in foot- 
pounds. The chipping value is the foot-pound reading 
made by the blow which chipped the plate. 

(vii) Scratch Hardness: Specimens of the various 
glazes were cemented on slides and scratched with a 
microcharacter using a 9-gm. weight on the diamond 
point. The width of the scratches was measured with a 
microscope equipped with a filar head, making it pos- 
sible to check readings to + 0.03 micron. 

(viii) Solubility of Frits: The various frits were 
ground; only that portion was used which passed the 
100-mesh screen but was held by the 150-mesh screen. 
Fines were removed by several washings with alcohol. 
A 2.000-gm. sample was boiled for thirty minutes in 
60 cc. of a 4% acetic acid solution in a 250-cc. Erlen- 
meyer flask equipped with a reflux condenser. At the 
end of the period, the solution was filtered through a 
previously dried and weighed Gooch crucible. After 
the frit had dried to constant weight in the crucible, 
the loss in weight was recorded. The value in frit solu- 
bility was this loss in weight taken as a percentage of 
2.000 gm. 

(C) Visual Glaze Properties: All glazes were ex- 
amined for gloss, surface texture, and the appearance 
of any blemish. The following code was used to record 
the findings: 

(i) Gloss: (a) High, glazes whose gloss was as 
brilliant as the best glazes found in the market; (6) 
medium, glazes with lower gloss but still equaling ware 
in the market; and (c) low, below-market standards 
for bright glazes. 

(ii) Surface Texture: (a) Excellent, glazes whose 
smoothness equals the best glaze found in the market; 
(b) good, glazes with more obvious surface characteris- 
tics but still equaling commercial ware; and (c) fair, 
glazes whose texture was below commercial standards. 

(iti) Blemishes: All blemishes, such as blisters, pin- 
holes, crawling, and pitting, were recorded as such and 
are so named in the data on the glazes. 


2 (a) H. Harkort, ‘‘Method of Testing Crazing of White- 
ware,”’ Trans. Amer. Ceram. Soc., 15, 368-72 (1913). 

(b) J. W. Mellor, ‘‘Crazing and Peeling of Glazes,”’ 
Trans. Ceram. Soc. |England], 34, 1-112 (1934-1935); 
Ceram. Abs., 14 [9] 233 (1935). 
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(D) reparation and Firing of Glazes: All frits 
were weighed out in 2000-gm. lots and smelted in fire- 
clay crucib’:s in a Denver furnace. The dried frit was 
ground for i.; hours with a double charge of flint peb- 
bles and «crey... 1 through 80-mesh. The glazes were 
prepared in 1000-gm. lots and ground for 15 hours with 
an equal charge of pebbles. The glaze was adjusted to 
viscosity of 19 seconds per 200 cc. and applied to the 
ware by spraying. All laboratory glost firings were to 
cone 0i own, cone 1 standing. In the two plant trials, 
cone plaques placed inside the sagger with the ware 
showed cone 02 down, cone 01 standing or at one 
o'clock. 


lll. Laboratory Research 

The present work is a continuation of a series of 
twenty-five experimental glazes developed by Koenig.* 
Starting with standard cone 4 to 5 dinnerware glaze, 
he applied the following three principles to lower the 
maturing temperature and to adjust its properties to 
the syenite body: 

(1) Introduction of silica in the fused or combined state. 

(2) Increasing the multiplicity of the RO group: (a) 
alkaline earths BaO, BeO, and MgO replaced part of the 
CaO content and (b) Li,O replaced a portion of the alkali 


content. 
(3) Introduction of small percentages of fluorine in the 


RO, group. 


The successful use of fluorine in glazes is reported on in 
a number of recent German articles.* 


The formulas of the standard glaze and of Koenig's 
glaze No. C-21, one of several excellent glazes from his 
series, are given as follows: 


Standard cone 4-5 glaze 


0.26 PbO 
.12 K,0 
.06 Na;:O 
.43CaO 
.13ZnO 


Glaze C-21, cone 01* 


PbO 
05 KNaO 
05 LisO 
.28 CaO 
10 MgO 
"13 SrO 
"13 Beo } 


* See footnote 3, p. 33. 


0.27 AYO, | 2.650, 
0.31 BO; 


0.27A1,0; { 2. 8Si02 
0.31 5,0, | 


All materials for glaze C-21 were fritted except for a 
portion of the CaO, Al,O;, and SiO2, and the glaze used 
the following batcht: frit C-21 78.0, whiting 4.3, clay 
12.9, flint 4.8, a total of 100%. 

To complete this work started by Koenig, the follow- 
ing objectives were decided on: (1) te produce cone 
02 to 01 glazes without the oxides of lithium or beryl- 

*C. J. Koenig, formerly with the Engineering Experi- 
ment Station, Ohio State University, and now with the 
armed forces. 

*C. J. Koenig, ‘‘Nepheline Syenite in Low-Temperature 
Vitreous Ware,” Ohio State Univ. Eng. Expt. Station Bull., 
a age 36 pp. (1942); Ceram. Abs., 22 [5] 77 (1943); 


p. 20. 
+ See footnote 3, p. 33. 
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Fic. 1.—Triaxial I. 


lium, which war restrictions have made difficult to ob- 
tain, (2) to produce a range of glazes containing vary- 
ing amounts of those oxides which affect color so that 
the manufacturer of underglaze color ware will have the 
opportunity of choice, and (3) to increase the resistance 
to crazing of the glazes. 


TABLE II 


PERCENTAGE BaTcH FORMULAS SHOWN 
I AND II (Fics. 1 AND 2) 


Batch formulas of frits in end members 


IN TRIAXIALS 


Triaxial I Triaxial II 

Material No. 1 No. 11 No. 15 No.1 No. 16 No. 21 
Red lead 30.6 20.4 io.2 18.5 29.5 17.9 
Boric acid 7.9 18.2 12.5 8.6 9.0 
Borax 5.8 18.4 3.8 4.0 
Whiting 23 28.8 
Dolomite 6.8 5.3 8.9 
Talc 3.9 12.3 4.1 
SrCO; 3.2 3.6 13.0 
BaCO; 6.1 5.6 11.9 
Nepheline 

syenite 7.8 7.3 
Oxford Maine 

feldspar 15.4 
Buckingham 

feldspar 2.5 2.6 
Clay 13.3 10.2 9.6 7.1 12.0 12.7 
Flint 30.4 27.0 30.1 26.8 31.0 31.9 

Batch formulas of end members 

Frit (see above) 81.2 77.4 78.1 81.8 83.3 82.1 
Whiting 3.0 3.6 3.56 4.2 3.8 4.1 
Clay 6939 63 6.8 
Flint 7.84 8.8 83 7.1 66 7.0 


Through the use of two triaxial studies, combinations 
of oxides were studied which could replace the Li,O and 
BeO. In Fig. 1, triaxial I uses glaze C—21 as its base. 
The elimination of 0.13 molecule of BeO and 0.05 mole- 
cule of Li,O from this glaze leaves a vacancy of 0.18 
molecule in the RO group which had to be filled. Tri- 
axial I uses additional amounts of PbO, MgO, and SrO, 
respectively, in the three corners to complete the base 
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TABLE III 
MOLECULAR FORMULAS OF EACH OF FIFTEEN POINTS ON 
TRIAXIAL I 
Oxides* 

Point No. PbO MgO SrO- 
1 0.440 0.100 0.130 

2 .395 .145 130 

3 .395 .100 175 

4 .350 .190 130 

5 .350 .145 175 

6 .350 .100 220 

7 .305 .235 130 

& .305 .190 175 

9 .305 .145 . 220 

10 .305 .100 . 265 
11 260 . 280 130 
12 260 . 235 175 
13 260 .190 220 
14 260 .145 265 
15 260 .100 310 


* Other oxides were constant as follows: CaO 0.280, 
KNaO 0.050, Al,O; 0.27, B,O; 0.31, and SiO, 2.80. 


group. The interior points on the triaxial thus provide 
the opportunity for these three oxides to combine in 
varying proportions. 

Batch formulas for the six frits and for the glaze 
batches used in the end members of the two triaxials 
are given in Table II. The fifteen points of triaxial I 
are shown in Fig. 1; the complete molecular formula 
for each glaze contained in the triaxial is shown in 
Table III; and the properties of the glazes in Table IV. 

All glazes were fully matured at cone 01. The most 
promising glazes were Nos. 4, 5, and 10, which were the 
most pleasing to the eye and showed good fit. The 
three high-iead giazes had too great a gloss resulting in 
a wetness which gave the glaze an unpleasant sheen. 
The same condition was present to a lesser extent in 
glazes Nos. 14 and 15, highin strontia. This fault, how- 
ever, was absent from glaze No. 10, containing 0.265 
molecule of strontia. 

The MgO content in these glazes is important inas- 
much as its low expansion is very beneficial to glaze fit. 
Its refractory nature sets a limit on the amount that 
can be safely employed without injuring gloss and sur- 
face texture. The triaxial was such that the maximum 
limit of MgO could be determined quite accurately. 
For this type of glaze, MgO can be used up to and in- 
cluding 0.19 molecular equivalent without in any way 
reducing gloss, impairing surface texture, or causing 
any immaturity. When it occurs in the amount of 0.28 
molecule, as is the case in glaze No. 11, the glaze be- 
comes mat and low in gloss but retains a very smooth 
texture. Glazes Nos. 7 and 12, which contained 0.235 
molecule of MgO, were in between a bright and a mat 
glaze and consequent'y had the poorest surface texture 
in the triaxial. 

The oxides of barium and zinc were substituted for 
the strontia in glaze No. 4 as glazes Nos. 4A and 4B, 
respectively. Zinc glaze No. 4B was the equal of the 
triaxial glaze in every respect and glaze No. 4A was 
only slightly inferior as to gloss. 

Triaxial I showed that glazes could mature at cone 01 
with only 0.05 molecule of sodium and potassium oxides 
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TABLE IV 
PROPERTIES OF EACH OF FIFTEEN POINTS ON TRIAXIAL I* 
Thermal shock 


Pointt Surface (200°-25°C) 

No. Gloss texture Cycle Comments 
1 High Excellent Wet looking 
2 Good Failed 5th 

3 Excellent 4th 

4 One of best 
6 Good = 

7 Medium Fair 

8 High Good Failed 5th 

9 “e 4th 

10 Excellent 63d One of best 

11 Low Good Passed 5 Smooth mat 

12 Medium Fair Failed 2d Pinholes 

13 High Good 

14 - = Passed 5 Wet looking 

15 Excellent 5 


* Glost fire to cone 01 on a nepheline syenite body, simi- 
lar to No. 11, with an absorption of 1.5%. 
t Nos. 1, 4, and 7 passed the autoclave test. 


TABLE V 
MOLECULAR FORMULAS OF EACH OF TWENTY-ONE PoINTS 
ON TRIAXIAL II 


Oxides* 

Point No. PbO MgO BaO KNaO 
1 0.260 0.100 0.100 0.240 
2 .298 100 .100 2 
3 . 260 .118 .120 202 
4 .336 .100 . 100 164 
5 . 298 .118 . 120 164 
6 . 260 . 135 .140 164 
7 .374 . 100 .100 126 
8 . 336 .118 .120 126 
9 .298 . 136 .140 126 

10 . 260 .154 . 160 i 

ll .412 .100 .100 088 
12 .374 .118 .120 088 
13 336 . 136 140 088 
14 298 . 154 160 088 
15 260 .172 180 O88 
16 450 . 100 100 050 
17 412 118 120 050 
18 374 . 136 140 050 
19 336 . 154 160 050 
20 298 .172 180 050 
21 260 .190 200 050 


* Other oxides were constant as follows: CaO 0.300, 
Al,O; 0.27, B,O; 0.31, and SiO, 2.8. 


and the glaze could benefit by the consequent reduction 
in thermal expansion. Employing these two alkalis in 
greater quantity, however, provides the opportunity to 
introduce them in the glaze batch as feldspar or syenite 
and thus tc reduce the frit content of the glaze. With 
this procedure in mind, triaxial II was set up with a high 
alkali corner, a high lead corner, and the third corner 
high in the oxides of magnesium and barium. Strontia 
was entirely absent from this triaxial since it was on 
high pric’-ty at the tu:ae. In order that the frit content 
be held corstant throughout the triaxial, all alkali was 
put into the frit with the intention of changing to the 
feldspar batch component after the best combination 
of oxides had been determined. All of the glaze formu- 
las except 0.14 CaO, 0.09 Al,O3, and 0.58 SiO, were 
fritted. 
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TasBLe VI 
PROPERTIES OF EACH ON TWENTY-ONE POINTS ON TRI- 
AXIAL II* 
Thermal shock 
Point Surface Auto- (200°-25°C.) 
No. texturet clave cycle C Comments 
1 Good Failed Ist 
2 ae ae 
3 + Passed 
4 Failed Ist 
5 oe 
6 oe 
7 Excellent One%of best 
10 Good 5th 
12 “a Passed 
13 Failed Istt 
14 Excellent 4tht 
15 Good Ist 
18 
19 Istf 
20 “a Passed 5 
21 Failed 5tht 
* Glost fire to cone 01 on a vitreous body whic!. se no 


ink stain; glazes Nos. 11, 16, and 17 not tried because of 
high lead content. 

t All specimens had high gloss. 

t Failed by dunt in form of crack penetrating bo:k body 
and glaze. 


The twenty-one point triaxial and the molecular 
‘formulas of each glaze,contained therein are shown in 

Fig. 2 and Table V. Table VI contains data on the 
physical and visual properties of the glazes. 

All glazes in triaxial Il were completely mature at 
cone 01. Glazes Nos. 15, 20, and 21, high in BaO and 
MgO, showed a certain rippled surface from the spray 
application indicating a viscosity not apparent in the 
other glazes. The best-looking glazes were Nos. 9 and 
14 containing 0.298 PbO and 0.126 and 0.088 KNa0O, 
respectively. They were equal in gloss and surface 
texture to any of the higher alkaline giazes, all of which 
had a very good appearance. 

When the glazes were subjected to the thermal-shock 
test for crazing, the most significant division in the 
triaxial was made apparent. Glazes Nos. | to 7, in- 
clusive, failed in the first cycle of a 200° to 25°C. test. 
The crazing was general all over the plates and was not 
restricted to a small crack over the edge or foot rim, 
which was usually the case with failures in triaxial I 
and with the lower alkali glazes of triaxial II. 

Glazes Nos. 3, 8, and 12, which varied only in the 
lead and alkali content, were subjected to the autoclave 
test which all passed. Sixteen months have passed at 
the time of writing and an examination of the three 
plates shows that no crazing has occurred during the 
period. 

IV. Plant Trials 

Four glazes which had shown the greatest promise in 
the laboratory were selected to be tried in a commercial 
cone 02 kiln. These glazes were No. 4A, which was 
point No. 4 in triaxial I with barium oxide substituted 


362 Journal of The American Ceramic Society—Marquis 


HIGH KNocO 


HIGH PbO HIGH BaQ-MgO 


Fic. 2.—Triaxial IT. 


for the 0.13 molecular equivalent of stronti<, glaze No. 
4B, which was the same glaze with zine oxide in place 
of the strontia; glaze No. 5, which was point No. 5, in 
triaxial I with the strontia included; and glaze W, 
which was similarin molecular composition to the area 
between points Nos. 9 and 14 in triaxial II but with 
a lower frit content and the inclusion of feldspar in 
the batch. 

Frits for these four glazes were smelted in quantity* 
and were designated as PL—482, PL-486, PL-487, and 
PL-488, respectively, for the fourfrits. Two additional 
glazes were added to the list in the second plant trial. 
These were built around two frits made by Pemco, 
P-384 and P-389, which contain seven oxides in the RO 
group including lithia. Glaze P-389 uses the batch ad- 
ditions recommended by Pemco for the frit. Glaze 
384-B was developed by the writer using the lithia 
frit but introducing strontium carbonate instead of 
zine oxide as a mill addition and increasing the MgO 
content. 

The glazes were ground 16 hours at the plant and 
were applied to the plates, rings, and bars by dipping. 
The 5-in. plates used in the first plant trial had an ab- 
sorption of 2.3%; the plates in the second plant trial 
were fired to an absorption of 0.5%; the rings had 0.0% 
absorption; and the bars 0.13% absorption. 

All ware was glost fired to cone 02 in the tunnel 
kiln at the plant. 

Molecular and batch formulas for the glazes ajid frits 
used in the plant trial are presented in Tables VII 
through X. Table XI shows the percentage composi- 
tion of the various glazes according to the weight of the 
oxides and also the total percentage of the ‘‘soft’’ oxides 
occurring in the glazes. For the purpose of comparison, 
the same figures are given for the standard cone 5 din- 
nerware glaze. Three of the low-temperature glazes 
contain from 0.01 to 0.86% more of these ‘‘soft’’ oxides; 


* These glazes were smelted at the plant of Pemco 
Corp., Baltimore, Md. 
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TABLE VII 
MOLECULAP YORMULAS OF Srx GLAZES PLANT TRIALS 
Oxide 

Glaze Lio KO Na:O PbO CaO MgO BaO SrO Zn20 AlzOs B:0; SiO: 

4A 0.024 0.026 0.350 0.280 0.190 0.130 0.27 0.310 2.8 

4B 024 026 .350 280 .190 0.130 .27 .310 2.8 

5 .026 350 . 280 0.175 27 .310 2.8 

WwW 064 036 0.140 87 .310 2.8 

384-B 0.041 042 017 265 202 .031 0.200 .27 310 2.8 
2.9 


P-389 .041 .040 .120 . 260 .278 . 100 .030 0.131 .27 . 304 


TABLE VIII 
BATCH FORMULAS OF Srx GLAZES IN PLANT TRIALS 


Glaze (%) 
Material 4A AB 5 
Frit PL—482 81.20 
Frit PL—486 80.69 4 
Frit PL—487 81.02 
Frit PL-488 67.34 
Frit P-384 66.70 
Frit P-389 58.61 
Nepheline syenite 20.25 
Buckingham feldspar 12.93 8.01 
Whiting 3.42 3.51 3.45 4.04 5.26 
Dolomite 5.25 
Strontium carbonate 8.46 
Zinc oxide 3.15 
Clay 7.35 7.55 7.42 6.69 10.83 2.88 
Flint 8.03 8.25 8.11 9.00 0.7 9.86 
TABLE IX 
MOLECULAR FORMULAS OF Six FRITS USED IN PLANT TRIALS 
Oxide if 
Frit LiO NaxO PbO CaO MgO ZnO Sin 
PL—482 0.027 0.030 0.3975 0.182 0.216 0.1475 0.193 0.3525 2.42 
PL—486 .027 .030 .38975 . 182 .216 0.1475 .193 .3525 2.42 
PL-487 .027 .030 .3975 .182~ .165 0.1985 .193 .3525 2.42 
PL-488 .026 .3885 .243 .167 3.1795 117 .3974 2.08 if 
P-384 0.075 .004 .013 .4810 .186 .185 .0560 .123 .5630 3.93 | 
P-389 075 .004 .4810 .186 .185  .5630 2.94 
fy 
the other three contain from 1.57 to 3.67% less. The TABLE X 
increase in PbO in some of these glazes is thus counter- Batcn FormvuLas or Four Frits Usep In PLANT TRIALS 
acted by reduced alkali and higher silica so that the Frit (%) 
total content of “‘soft’’ materials is kept fairly constant. Material PL496 PL48? 
Flux-block tests of glazes 4A, 4B, 5, and W , fired to Red lead 24 20 25.40 24.35 24.71 
cone 08, are shown in Fig. 3. A comparison is made Boric acid 10.10 10.60 10.22 12.10 
between two glazes of the same molecular formula with —_ Borax i 2.30 2.40 2.33 2.76 
one being compounded out of two frits and the other Whiting 0.46 2.16 
with one. The formula is that of glaze No. 4 in tri- — : 4 eo 8.14 8.64 
axial I. The left-hand flux block contains the glaze co, as 7.90 
as it was originally mixed for the triaxial using a BaCO;_ 7.80 9.96 
blend of the high-lead and the high-magnesium frits. Zinc oxide 3.30 
The right-hand block contains the identical formula “ioe 5.10 5.30 5.13 
with both frits smelted as one, resulting in increased jay > 10.70 11.20 10 79 8.54 
fluidity. Flint , 29.70 31.20 30.68 31.13 
Test data from the plant trials are contained in Ta- 
bles XII through XV. - ; and W had the best all-around appearance. Glaze 4B iS 
The percentage of solubility for four of the test frits showed a slightly wavy surface on some plates, and : i 
was as follows: PL-482 0.6, PL-486 0.4, PL-487 0.7 glaze 4A had a little lower gloss than the rest. When me 
and PL-488 3.9. fired on the nearly vitreous ware of the second plant 
| trial, glaze 5 had the highest gloss with 4B and W close — 
behind it. The rippled surface of glaze 4B seemed to -: 
(1) Appearance of Glazes have smoothed out on the vitreous ware. Glaze 4A had “a 


All glazes had good gloss and texture and were free still lower gloss and took on the appearance of a very 
from any blemishes. In the first plant trial, glazes 5 smooth, soft, vellum mat glaze the second time it was 
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Fic. 3.—Flux-block tests of cones 02 to 01 glazes; all fired 
at cone 08. 


fired. The firings indicated that any of these three 
glazes, 4B, 5, and W, could be counted on to give a 
bright smooth glaze. The two lithium glazes had excep- 
tionally high gloss of a richness which only lithium can 
‘produce. Glaze P-389, using the frit and batch recom- 
. mended by Pemco, combined a very smooth texture 
with the high gloss. Glaze 384-B showed some pin- 
holed areas owing to its higher MgO content and in- 
creased viscosity; although some plates were very good, 
this glaze cannot be recommended to give consistent re- 
sults. 


tif (2) Analysis of Test Data 

va None of the glazed ware showed any crazing or 
Rays dunting unless subjected to the various tests. At the 
time of writing, approximately six months have elapsed 
since the plant trials, and an examination of samples 
shows that all plates not crazed in a test have had no 
“of tendencies to craze by themselves. These periodic ex- 
aces aminations will be continued in the future. 
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Taste XI 
PERCENTAGE COMPOSITION OF OXIDES IN Six Cong 01 Giazes AND STANDARD Cong 5 GLazE 
Glaze (%) 
Oxide "4A 4B 5 Ww 384-B P-389 Standard 
PbO 22.80 23.44 23.03 19.82 18.04 17.67 18.53 
K;,0 0.66 0.68 0.66 1.78 1.23 1.17 3.60 
Na;O 0.47 0.48 0.48 0.66 0.32 2.27 1.19 
0.38 0.37 
CaO 4.58 4.71 4.63 5.48 3.45 4.74 7.70 
MgO 2.22 2.28 1.71 1.54 2.47 1.22 
BaO 5.81 6.35 1.45 1,40 
SrO 5.37 6.35 
ZnO 3.17 3.23 3.37 
Al,O; 8.04 8.27 8.13 8.16 8.41 8.40 8.80 
B,0; 6.34 6.52 6.41 6.43 6.62 6.49 6.94 
SiO, 49.08 50.45 49.58 49.78 §1.28 53.04 49.87 
Total 
PbO 
K,0 
—_ 30.27 31.12 30.58 28.69 26.59 27.97 30.26 
1 
B,0; 
TABLE XII 


or RuPTURE AND GLaZzED-RING Test RESULTS 
Modulus of rupture test (Ib./sq. in.) 


or 


Glaze Min. Max. Avg. 
4A 7410 10,850 9648 
4B 7140 10,520 9520 
5 8320 10,230 9352 
W 9,270 8813 
Unglazed 6730 9,450 8746 

Glazed-ring test (mm. of compression) 
4A —0.0328 —0.0656 —0.0472 
4B — .0246 — .0574 — .0410 
5 — .0246 — .0615 — .0441 
W — .0246 — ,0492 — .0369 
Taste XIII 
AvutocLave Test RESULTS 


First plant trial (8 plates of each glaze tested, absorption 2.3%) 
No. of failures each cycle - a 
~ vg. cycle 
passed passed 


Glaze Ist 2d 340 ss Sth 

4A 5 1 1 0 1 0 0.9 
4B 0 1 1 1 0 5 3.9 
5 4 1 0 0 1 2 1.9 
Ww 5 3 0 0.4 

Second plant trial (4 plates of each glaze tested, absorption 0.5%) 

4A 0 0 0 0 0 ao 5.0 
4B 0 0 0 0 0 4 5.0 
5 0 0 0 0 0 4 5.0 
WwW 0 0 0 0 1 3 4.8 
384-B 0 0 0 0 0 + 5.0 
P-389 1 0 0 1 0 2 3.2 


The first important fact shown by the test data is 
that glazes 4A, 4B, and 5, in which the total alkali was 
limited to 0.05 molecule, showed the best resistance to 
crazing. They produced the greatest strength in modu- 
lus of rupture, showed the highest compression in the 
ring test, had the fewest failures in autoclave and ther- 
mal-shock tests, had the highest impact values, and 
also showed the lowest frit solubility. 

The one significant test in which these glazes were 
surpassed was in scratch hardness where the smallest 
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Taste XIV 
THERMAL-SHOCK TEST RESULTS 
First plant trial (9 plates of each glaze tested, absorption 2.3%) 
175°-25°C. 200°-25°C. 
Glaze ist 2d 3d 4th 5th ‘6th 7th 8th 9th 10th 
Failures by body 
4A 1 1 1 1 0 2 3 0 3.8 
4B 1 2 2 0 1 2 0 0 0 0 1 3.3 
5 1 1 0 0 0 3 4 0 4.4 
Ww 2 1 0 1 0 3 1 0 3.6 
Failures by crazing 
4A 0 0 0 0 0 1 3 1 4 0 6.9 
4B 0 0 0 0 0 1 1 1 3 1 2 7.9 
5 0 0 0 0 0 2 4 0 3 0 6.4 
WwW 0 0 0 0 0 5 3 1 0 5.6 
Second plant trial (three plates of each glaze tested, absorption 0.5%)* 
(Failures by crazing at 175°-25°C.) 
ist 24 3d 4th 5th 6th 7th 8th 9th 10th 
4A 0 0 0 0 0 0 0 0 0 0 3 10.0 
4B 0 0 0 1 0 0 0 0 0 0 2 7.7 
5 0 0 1 0 0 0 0 0 0 0 2 7.3 
WwW 1 0 0 0 0 0 0 0 0 0 2 6.7 
384-B 3 0 0 
P-389 3 0 0 


* Three plates each of glazes 4A, 4B, 5, and W were subjected to one cycle of a thermal shock from 200° to 25°C.; 
all showed craze marks and body dunts at the end of the first cycle. 


scratch (2.8) occurred on glaze P-389. This glaze con- 
tained 2.9 SiO, as compared with the 2.8 SiO, in the 
other glazes, and the increased silica showed its benefit 
in this test. Glazes 4A and 5 had the same scratch- 
hardness values (2.9) as the commercial hotel china 
glaze, and although glazes 4B and W (3.0 scratch hard- 
ness) showed an average increase in the width of the 
scratch of 0.1 micron, it was 0.2 micron less than the 
scratch (3.2) on a commercial semivitreous, cone 6 
glaze; glaze 384-B had a width of 3.1 micron. 

In the modulus of rupture test, all four glazes in- 
creased the strength of the body from an average of 67 
p.s.i. for glaze W to 952 p.s.i. for glaze 4A. The three low- 
est alkali glazes showed an average compression of be- 
tween 0.04 and 0.05 mm. existing between themselves 
and the body. The autoclave test on ware with a 2.3% 
absorption showed zinc glaze 4B to have the best re- 
sistance to moisture-expansion crazing. When the ab- 
sorption of the body was reduced to 0.5%, there was no 
failure with the three low alkali glazes in five cycles of 
the autoclr .e. The thermal-shock tests showed glazes 
4A and 4B co stand up the longest before crazing. The 
175° to 25°C. shock on the ware with 0.5% absorption 
showed no body failures and few crazing failures. Glazes 
4A, 4B, 5, and W passed an average of-over five cycles 
of this test. When the top temperature was increased 
to 200°C., it was very close to the cristobalite inversion 
point and the increased strains resulted in failure by 
body cracks occurring before any crazing. Plates with 
glaze 4B showed the poorest resistance to the body dunt 
type of failure but the best resistance to crazing. On 
the ware with 2.3% absorption, the body type of fail- 
ure occurred in the test at 175° to 25°C., and no craz- 
ing took place until the top temperature was increased 
to 200°C. 

The impact and chipping tests were both influenced 
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TABLE XV 
IMPACT AND RESULTS 
First plant trial Second plant trial 
Min. 


Glaze Max. Avg. Min. Max. Avg. 
Impact test, avg. plate thickness, 0.13 in. (Ib./in. thickness) 
4A 3.4 7.8 5.3 6.0 6.1 6.1 
4B 4.4 6.3 5.1 4.5 6.1 5.3 
5 4.6 6.5 6.0 4.1 4.4 4.3 
Ww 4.1 5.7 4.9 3.7 4.8 4.4 
384-B 2.8 3.1 3.0 
P-389 3.3 4.4 3.7 
Chipping test (ft.-Ib.) 
4A 0.088 0.129 0.094 0.058 0.061 0.059 
4B .084 .093 .088 .049 .075 .062 
5 .101 38.117 .048 .049 .048 
Ww .097 .093 .051 .076 .063 
384-B .056 .071 .063 
P-389 .050 .054 .052 


by’ the physical proportions of the ware. The 5-in. test 
plates were jiggered in semivitreous-ware plants on 
semivitreous molds with the cutting knife adjusted to 
produce a fired plate with a thickness of 0.13 in. The 
edges of the plates in the first plant trial were plain but 
those used in the second plant trial had a relief decora- 
tion at the edge, resulting in a thinner cross section at 
the point of contact with the chipping hammer and 
consequently lower chipping values. On the whole, 
chipping tests made on any ware other than rolled-edge 
hotel ware have little significance for comparative glaze 
values. The impact test, however, will show glaze com- 
pression, which was the case in the present testing where 
the three low-alkali glazes had the highest impact val- 
ues. 

In general, the two glazes which showed up to best 
advantage both as to appearance and physical prop- 
erties are the zinc glaze, 4B, and the strontium glaze, 5. 
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V. Summary and Conclusions 

(1) Glazes maturing at cones 02 to 01 and fitting a 
vitreous nepheline syenite body biscuited at cones 4 to 
5 can be produced. 

(2) To insure the best glaze fit, the total alkali con- 
tent (K,0O, Na,O, and Li,O) should not exceed 0.05 
molecule and the MgO content should not be below 0.15 
molecule. 

(3) To produce adequate fusibility, the PbO con- 
tent should be between 0.30 and 0.35 molecule. 

(4) One or more of the following oxides should be 
used with CaO to fill the remainder of the RO group, 
ZnO, SrO, and BaO. The use of barium and strontium 
oxides makes possible the production of zincless glazes 
where that oxide is detrimental to underglaze colors. 

(5) The total percentage by weight of those oxides 
producing “‘soft" glazes need not, and should not, 
be above the 30.3% found in the standard cone 5 din- 
ner-ware glaze; these oxides include PbO, K,0O, Na,O, 
Li,O, and B,O3. 

(6) The Al,O; and B,O, content of the standard cone 


5 glaze need not be altered for the low-temperature 


(7) The property of the nepheline syenite bodies to 
take up silica makes possible an increase in the SiO, con- 
tent of the standard glaze from 2.6 to 2.8 molecule, re- 
sulting in better hardness and greater resistance to craz- 
ing and acid attack. Presmelting most of the silica in 
the frit insures the complete maturity of the glaze at 
cones 02 to 01. Such frits have been successfully 
smelted by a commercial manufacturer. 
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ABRASION RESISTANCE OF PORCELAIN ENAMELS* 


By CLarK HuTcHISON 


ABSTRACT 


The abrasion resistances of enamels, differing in composition and properties, were 
determined by the test for resistance of porcelain enamels to surface abrasion (a standard 
of the Porcelain Enamel Institute, March, 1942). 

Four to five classes of abrasion resistance were obtained, but for the most part, the 


results fell within relatively narrow limits. 


Differences in abrasion index, in general, 


were not distinguishable by visual inspection. No one class or kind of enamel was 
superior. While changes in abrasion index were affected by changes in frit formula, it 
seems that many compositions will give comparable resuits. 


|. Introduction 


Porcelain enamel is often described as the “‘lifetime 
finish.”” Inasmuch as many porcelain enameled prod- 
ucts are subjected to surface abrasion, good abrasion 
resistance is important from the standpoint of dyra- 
bility. 

The tests herein described were conducted pri- 
marily to determine the difference in surface-abrasion 
resistance likely to be encountered with various com- 
positions and types of porcelain enamels and to note 
whether such inherent properties as acid resistance, 
refractoriness, or specular gloss might be indicative of 
abrasion resistance. 

Published results,' based on the P.E.I. surface-abra- 


* Presented at the Forty-Sixth Annual Meeting, The 
American Ceramic Society, Pittsburgh, Pa., April 5, 1942 
(Enamel Division). Received April 11, 1942. 

1(a) W. N. Harrison, “Tentative Tests for Abrasion 
Resistance,’ Proc. Third Annual Forum, Porcelain Enamel 
‘ae Oct. 13, 1938, pp. 32-37; Ceram. Abs., 18 [6] 150 

1939). 

(b) P. C. McCollom and R. R. Danielson, “Effect of 

Firing Treatment on Physical Properties of Dry-Process 


sion test,? have shown significant differences between 
various enamels, and acid-resisting enamels are re- 
ported as generally giving best results. 


ll. Procedure 

The abrasion test used* consists essentially of (1) 
reading specular gloss of the test specimens (11 cm. 
square), (2) subjecting them to a controlled abrasive 
treatment, and (3) again reading specular gloss. The 
percentage of gloss retained is the abrasion index or the 
measure of abrasion resistance. 

The time necessary to reduce the gloss of standard 
glass plates by 50% determines the length of treatment 
(9.4 minutes total for these tests). Standard glass 
plates are also run with test specimens as a check on the 


accuracy of operations. 


Enamels,”’ Jour. Amer. Ceram. Soc., 25 [Jan. 15, No. 2] 
48-50 (1942). 

(c) Clark Hutchison, ‘‘Effect of Various Factors on 
Abrasive Resistance of Porcelain Enamels,’’ Bull. Amer. 
Ceram. Soc., 18 [6] 202-205 (1939). 

2? Test for Resistance of Porcelain Enamels to Surface 
Abrasion. Standard of the Porcelain Enamel Institute, 
March, 1942. 
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Abrasion Resistance of Enamels 


TABLE | 


ABRASION INDICES OF COMMERCIAL ENAMELS 


Enamel 

No. Type of coat temp. (°F.) resistance 
1 White* 1500 D 

2 Blue A.R.t 1560 A 

3 Bluet 1560 D 

4 Tan* 1500 

5 White A.R.* 1500 AA 
6A Green A.R.* 1500 A 

6B Black A.R.* 1500 B-A 
6C Tan A.R.* 1500 B-A 
7 White* 1450 D 

8 Black A.R.* 1500 A 

9 White* 1540 D 

10 Brownt 1530 D 

6 Clear A.R.* 1500 _—- 
6D Yellow A.R.* 1500 AA 
6E Red A.R.* 1500 A 

11 Brownt 1450 D 


* Cover coat. {Ground coat. {f{ 2 Firings. 


Taste II 


Abrasio % between 
n 

gloss (%) index (%) (%) 
5.44 71.2 = 2.0 1 and 2 99.8 
5.43 66.7 = 0.5 ae Se 0.0 
5.15 66.6 = 1.2 3 “ 6A 99.8 
5.24 66.6 = 1.1 
6.11 66.6 = 0.8 
5.85 63.4 = 1.0 el 89 
5.65 63.3 = 1.5 98 
5.61 62.8 1.1 6B “ 10 O4 
5.81 62.8 = 1.5 * 91 
5.86 62.2 = 1.0 
6.09 62.1#1.4 92 
5.51 61.7 = 0.7 92 
5.67 60.7 1.4 
6.00 59.5 =1.6 
5.86 58.2+1.3 
5.72 H.9=1.3 99.3 


Errect oF DECREASING S10; ON ABRASION INDEX 


SiOs Initial 
Enamel removed Acid 
No. (%) resistance ‘oss (%) 
5 0.0 AA 6.10 
5A 1.0 AA 6.09 
3E 5.0 AA 6.22 
5F 6.0 A 6.17 
5J 10.0 A 6.33 
5M 13.0 B 6.42 
50 15.0 B 6.38 
5Q 17.0 6.38 
5R 18.0 Cc 6.55 
5S 19.0 D 6.41 
5T 20.0 D 6.37 


The average of the abrasion indices for six test 
specimens constitutes one sample or one determination. 

Acid resistance was determined according to the 
commercial P.E.I. acid-resistance test of porcelain 
enamels.’ Briefly, the method consists of placing a few 
drops of citric acid (100 gm. per liter of water) on the 
test surface and covering with a 1-in. inverted watch 
glass. After 15 minutes, the acid is rinsed off and the 
specimen is dried and graded. 

Class AA acid resistance shows no stain and passes 
the dry-rub pencil-mark test; class A shows a visible 
stain and passes the wet-rub and the blurring-highlight 
tests; class B fails the wet-rub test but passes the blur- 
ring-highlight test; class C fails the blurring-highlight 
test but passses the disappearing-highlight test; and 
class D fails the disappearing-highlight test. 


Ill. Data 


In Table I are listed the test results for sixteen com- 
mercial enamels selected as representing a rather wide 
range of compositions and properties. 


* Test for Acid Resistance of Porcelain Enamel: I, 
Flatware. Standard of the Porcelain Enamel Institute, 
1940; Ceram. Abs., 19 [7] 158 (1940). 
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% confidence 
Abrasion between 
index (%) (%) 
68.3 = 1.0 5 and 5A 91 
67.1 5 96 
| 85 
65.2 = 2.6 5A “* SF 93 
65.5 = 1.4 5] 
* 93 
62.9 =0.5 “ 5M 91 
* 99 
61.6 = 1.5 5M “* & 95 
61.6 = 0.7 
59.9 +0.8 99 
57.3 = 0.6 0 
57.1 = 0.6 
57.1 = 0.7 


The abbreviation A.R. is used for acid resistance. 
The initial gloss given is the average of all readings on 
all plates. The abrasion index is the average (corrected 
by formula when necessary) of six specimens. The 
statistical error is given and the percentage of confi- 
dence between results is also noted. 

Ground coats (Table I) were applied at 21 gm. per 
sq. ft.; cover coats were applied at 45 gm. per sq. ft.; 
and all samples were sprayed. Enamels Nos. 6,6A, 6B, 
6C, 6D, and 6E were made from the same frit, the color 
of the oxide being the only difference. Fnamels Nos. 
6D and 6E were fired a second time to remove a scum 
which occurred after the first fire. 

To get some idea of the effect of composition changes 
on abrasion resistance, enamel No. 5 in Table I was 
selected as the base frit, and the SiO, content was pro- 
gressively decreased. The effects on acid resistance, 
specular gloss, and abrasion resistance are noted in 
Table II. The application weight for these enamels 
was 25 gm. per sq. ft. over a fired cover coat applied at 
30 gm. per sq. ft. Milling and firing were identical for 

each enamel. 

In an effort to evaluate differences in results, visual 
ratings of abrasion resistance were made by two observ- 
ers and compared with test results as shown in Table 


. ; 


TABLe 
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VisuaL RatiIncs as COMPARED TO Test RESULTS 


Enamel Abrasion - —— ~ 
No. index (%) No.1 No. 2 
1 71.2 = 2.0 
5 66.6 = 0.8 1 1 
7 62.8 = 1.5 
62.1 21.4 
2 66.7 =0.5 2 5 
4 66.6 = 1.1 3 2 
6C 62.8 = 1.1 4 3 
3 66.6 = 1.1 5 4 
10 61.7 = 0.7 6 6 
4.91.3 7 7 
62.2 + 1.0 8 8 

B 
6 60.7#1.4 1 2 
6D 59.5 = 1.6 2 1 
6A 1.0 3 
6C 62.8 = 1.1 4 3 
6E 58.2 5 
63.3 = 1.5 6 4 


III. The visual ratings were made according to dull- 
ing or loss of “eye appeal’ and ratings A and B were 
made first. Rating C was made about three weeks 
later. In making these ratings, only one specimen 
(picked at random) from each enamel was used. 


IV. Discussion of Results 


(1) Accuracy 

Abrasion indices of standard glass plates run with 
test specimens varied from 50.0 to 51.5 with standard 
deviations of 0.23 to 0.66, showing very good uni- 
formity of treatment. 


(2) Results with Commercial Enamels 

When results are grouped according to significant 
differences, there are four to five classes of abrasion 
resistance. Despite the different compositions and 
properties represented, however, the majority of re- 
sults fall in a rather narrow range. While there is a 
difference of 16.3% in residual gloss between the lowest 
and highest results, there is only 8.5% difference among 
the others. 

No particular type of enamel stands out as being 
superior in abrasion resistance. Whites are no better 
than other colors; cover coats as a group are no better 
than ground coats; and there seems to be no rela- 
tion between acid resistance or “hardness” (as judged 
by maturing temperature) and abrasion resistance. 

Higher, abrasion indices, in general, were obtained 
with those enamels lowest in specular gloss, although no 
strict relationship was shown. 

In addition to those listed, two full mat enamels were 
given the abrasion treatment. Although specular 
gloss measurements could not be made, there was 
practically no visible evidence of abrasion. 

Results with the different colors made from the No. 6 . 
enamel indicate that color oxides caused small differ- 
ences in abrasion resistance, since enamels Nos. 6A, 
6B, and 6C gave higher results than enamels Nos. 6, 


il 
Cc 
__ Visual rating 
_ No. index (%) No. 1 No. 2 

5 66.6 = 0.8 1 
1 71.2 = 2.0 2 l 
62.1+1.4 3 . 
7 62.8 = 1.5 4 
6D 59.5 = 1.6 5 2 
6 60.7 = 1.4 6 
2 66.7 = 0.5 7 5 
3 66.6 = 1.1 8 4 
6A 63.4 + 1.0 9 
6C 62.8 = 1.1 10 3 
6E 58.2 #1.3 1l 
4 66.6 = 1.1 12 
8 62.2 = 1.0 13 > 
6B 63.3 = 1.5 14 
54.9+=1.3 15 6 
10 61.7 = 0.7 16 


6D, and 6E. The lower abrasion indices obtained from 
enamels Nos. 6D and 6E, however, may have been due 
to refiring. 


(3) Effect of Dec: 2asing SiO: 

The results in Tale II show a progressive decline in 
abrasion index with decreasing SiO, content. Abra- 
sion index also decreased directly with acid resistance, 
but this is probably a coincidence rather than a cor- 
relation, particularly in view of results listed in Table I. 

There was a trend toward increasing abrasion re- 
sisvance with decreasing specular gloss, although again 
no strict relationship is shown. 


(4) Visual Ratings of Abrasion Resistance 

As shown in Table III, visual ratings of abrasion re- 
sistance made by two observers are not in complete 
agreement (in fact, there are discrepancies in ratings 
made by the same observer at different times), but 
there is even less agreement with test results. Whites 
were unanimously picked as showing the least effects of 
abrasion, while the dark colors, browns and blacks, 
were picked as the worst. Lighter or more brilliant 
colors were given intermediate ratings. No attempt 
was made to rate the enamels visually in Table II as 
there was no impression uf distinct difference. 

Failure to visualize differences in test results does 
not discredit the test. It would seem, however, that 
large differences in abrasion resistance should be ap- 
parent to the eye. Either the differences obtained 
were not large or residual specular gloss is a minor factor 
in the visual conception of damage due to surface 
abrasion. 


V. Summary 
Four to five grades of abrasion resistance were ob- 
tained from tests on sixteen commercial enamels made 
from eleven frits. Lack of test data correlated with 
experience, however, makes it difficult to judge the 
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importance of these differences in results. A rather 
wide difference in abrasion resistance is indicated be- 
tween the best and poorest enamels, but the results, 
for the most part, seem to fall within a relatively 
narrow range. 

_ Differences in abrasion index, in general, were not 
distinguishable by visual examination. 

The results showed no one type or class of enamels 
as being superior in abrasion resistance. Although 
variation in formula affected abrasion resistance, ap- 
parently comparable results can be obtained with 
many compositions. 

None of the known enamel properties offered any 
basis for predicting relative abrasion resistance with 
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the possible exception of specular gloss. While no 
strict relationship was shown with e given group of 
enamels, the highest abrasion indices were obtained 
with those lowest in specular gloss. 

If loss of specular gloss is accepted as the proper 
measure of abrasion resistance, the test used would 
seem to answer the requirements for uniformity and 
reproducibility. 


Acknowledgment 

The writer wishes to acknowledge the assistance of 
F. W. Nelson in preparing samples and making the abra- 
sion tests. 


INGRAM-RICHARDSON MANUFACTURING ComMPANY OF INDIANA, INC. 
FRANKFORT, INDIANA 


EFFECT OF FLUORINE AND PHOSPHORUS PENTOXIDE ON PROPERTIES 
OF SODA-DOLOMITE LIME-SILICA GLASS* 


CONTRIBUTION OF OwENS-ILLINOIS GLass CompANy GENERAL RESEARCH LABORATORY 


ABSTRACT 
The effect of the substitution of fluorine for silica on the viscosity, liquidus tempera- 
ture, and chemical durability of a typical soda-lime glass is shown. The effects of sub- 
stituting P,O, for (a) silica and (b) dibasic oxides in two typical soda-lime glasses are also 


described. 


1. Introduction 


In the latter part of 1941, regular deliveries of dense 
soda ash to the large consumers of the material were dis- 
turbed. This situation led to an investigation of glass 
compositions and materials chat could replace the pre- 
vailing formulations and extend to the limit the avail- 
able supply of soda ash. 

It was necessary, of course, that the properties of any 
of the new glasses developed be such that they could 
be used in the established forming processes. The 
most important properties were the viscosity charac- 
teristics, liquidus temperature, and lack of opacity. It 
was also desirable not to alter radically the resistance 
properties of the glass. 

Lithia was known to be a constituent that could min- 
imize the need for soda, but the material is expensive 
and available only in limited quantities. Boric anhy- 
dride is als> a good possibility, but it is considered an 
uneconomical constituent for glasses manufactured on 
a mass-producticn basis. Fluorides remained the only 
materials which were suspected of having good possi- 
bilities. These are available both as fluorspar and as 
slag constituents, and both are relatively inexpensive. 
The effects of small quantities of fluorine on the physi- 
cal properties were studied and the results are reported 
in this paper. 

Slags from phosphate operations contain not only 
fluorine, alumina, silica, lime, and alkali jut also a sig- 


* Presented at the Forty-Sixth Annual Meeting, The 
American Ceramic Society, Pittsburgh, a., April 4, 1944 
(Glass Division). Received May J”, 1944. 

+ The work is the cooperative result of the following 
members of the research staff at the Owens-Illinois Glass 
Co.: F. R. Bacon, Paul Close, D. P. Hall, R. C. Kennedy, 
C. Rees. 
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nificant quantity of phosphorus pentoxide. An inves- 
tigation of this slag therefore was made and is reported 
here. A typical analysis of a phosphate slag from Sligo, 
Tennessee, was as follows: SiO, 38.5, Al,O; 10.9,,CaO 
45.7, MgO 0.3, Na,O 0.3, K,O 0.9, P,O; 1.1, F, 2.0, 
Fe,O; 0.18, MnO 0.12, and $ 0.16. 

The use of fluorides and phosphates is a well-estab- 
lished practice in the production of opaque glasses. The 
following analysis is typical of a fluoride opal: SiO, 
65.5, RsO3 5.7, CaO 10.6, MgO 0.1, Na,O 12.9, K,O 1.3, 
and F; 5.9. 


ll. Chemical Composition and Preparation of 
Glasses 


The raw materials used in the preparation of the 
glasses were Ottawa sand, burned dolomite, Solvay 
soda ash, technical sodium phosphate, and sodium 
fluoride. The analyses of the materials which intro- 
duced small quantities of impurities into the glass were 
as follows: 


Burned Ottawa 
dolomite 
SiO, 0.6 99.7 
R,O; 0.3 0.2 
SO, 0.6 
CaO 57.2 
MgO 40.1 
Ignition loss 1.2 


Approximately 4'/, lb. of each glass were melted in 
a large covered platinum crucible in a gas-fired fur- 
nace. These glasses were stirred several times during 
the initial melting period and were poured, crushed, and 
remelted with additional stirring. The total time of 
melting and remelting was e>proximately 20 hours at 
2600°F. 


ay 
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TABLe I 


CremicaL ANALYSES AND DATA ON MEASURED PROPERTIES OF F;-SUBSTITUTED GLASSES 
Base-1 FS-1 FS-2 FS-4 Base 2 FS-5 
SiO, 73.3 72.2 71.7 70.0 73.5 72.4 
R,O; 0.1 0.2 0.1 0.2 0.1 0.2 
CaO 6.0 6.0 6.0 6.1 7.0 7.0 
MgO 4.2 4.2 4.2 4,3. .° 5.0 5.1 
Na;O 16.5 16.5 16.6 16.6 14.4 14.5 
F; 1.1 2.0 3.6 
100.1 100.2 100.6 100.7 100.0 100.3 
Liquidus temp. (°F.) 
1610 1605 1705 1875 1760 1800 


Primary phase 
Tridymite Devitrite Tridymite - Tridymite Diopside Diopside 


Log viscosity (°F.) 


7.65 1280 1235 1195 1150 1320 1275 
7.00 1345 1300 1260 1215 - 1385 1340 
6.00 1460 1415 1375 1340 1500 1455 
5.00 1615 1570 1525 1500 1655 1610 
4.00 1830 1780 1740 1705 1860 1815 
3.00 2145 2085 2030 1995 2165 2100 
2.00 2635 2560 2475 2420 2635 2540 
, Deformation temp. (°F.) 1023 1010 
Coeff. of expansion X 107? 97 95 
Chemical durability 
% Na,O in H,O 0.085 0.070 0.069 0.066 0.062 0.055 
in NV/50 H:SO, 0.077 0.070 0.073 0.091 0.035 0.027 


The actual chemical analyses as well as all the meas- 
ured properties of the fluoride glasses may be found in ' ae 2300 
Table I. The analyses and all measured properties of ‘ wee eae ee 
the phosphate glasses are shown in Table II. The logne3 
fluoride compositions were computed on the basis of 


an expected loss of one third of the fluorine present in 
the unmelted batch. No provision was made for the 
loss of P.Os. 

The substitutions indicated in Tables I and II are 
F, for SiO», for SiO2, and P.O; for CaO0- MgO. 

Originally a series of glasses containing calcite lime 
and P.O; were melted, but the volatilization of P.Os 
from the surface and immiscibility in the temperature 
range where viscosity measurements are normally made 
precluded an investigation of the properties of this 
series of glasses. 


lll. Properties Measured and Methods of 
Determination 
The properties of the glasses that were determined 
were (1) density; (2) liquidus temperature; (3) coeffi- 
cient of expansion; (4) deformation temperature; (5) =, 


viscosity; (a) fiber softening point and (b) high-tem- 02765 
perature viscosity; (6) resistance to dilute acid; and Fot%) 1300 Biv. ate 
(7) resistance to distilled water. The methods of de- ype / P 
termination were the same as those used in ry F; ifor SiO: on vie BOs(%) ‘ 
work previously reported. cosity. Fic. 2.—-Effect of substitu- ! 
tion of P;0,; for CaO-MgO I 
IV. Discussion of Results and SiO; on viscosity. ‘ 
The measured properties of the eléven glasses are Bite 

shawn in Tables I and II. The changes of the various og viscosity (equal to 3, 4, etc.) temperatures as a func- t 
— tion of F; for silica substitutions in a 16'/:% NazO base h 

Owens-Illinois Glass Co. General Research Laboratory, 
“Effect of Barium Oxide and Zinc Oxide on Properties of glass are shown - Fig. 1. Figure 2 shows the same b 
Soda-Dolomite Lime-Silica Glasses,” Jour. Amer. Ceram. Changes as functions of P,O; for SiO, and POs for o 
Soc.. 25 [Feb. 1, No. 3] 61-69 (1942). CaO- MgO substitutions. ( 
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Taste II 
CHEMICAL ANALYSES AND DaTA ON MEASURED PROPERTIES OF P;O;-SuBSTITUTED GLASSES 
Base PS-1 PS-2 Base PD-1 PD-2 
SiO; 73.4 72.0 71.0 73.4 73.4 73.6 
R,0; 2.1 2.0 2.0 2.1 1.9 2.0 
CaO 6.5 6.5 6.5 6.5 5.9 §.1 
MgO 4.3 4.4 4.4 4.3 4.4 3.7 
Na,;O 12.5 12.7 12.7 12.5 12.4 12.4 
K,0 1.1 1.1 2 1.1 1.0 1.2 
P,O; 4 1.0 2.0 1.0 2.0 
99.9 99.7 99.7 99.9 100.0 100.0 
Liquidus temp. (°F.) 
1770 1790 1770 1840 
Primary phase 
Diopside 1900 2090* Diopside* Tridymite Opal 2020 
Log viscosity (°F.) 
65 1365 1365 1370 1365 1375 1385 
7.00 1435 1435 1440 1435 1445 1455 
6.00 1560 1560 1560 1560 1580 1585 
5.00 1725 1725 1725 1725 1750 1755 
4.00 1955 1955 1945 1955 1975 1985 
3.00 2290 2290 2265 2290 2300 2315 
2.00 2820 2820 2760 2820 2790 2835 
Deformation point (°F.) 1075 1025 1075 1069 
Coeff. of expansion X 107’ 85 88 85 84 
Density (gm./cc.) 2.4754 2.4600 2.4754 2.4257 
Chemical durability 
NazO in H,O 0.021 0.022 0.021 0.021 0.021 0.022 
in H,SO, 0.020 0.019 0.020 0.026 0.022 0.025 
* Immiscible. 
(1) Density mary phase is still tridymite. When diopside is the pri- 


The replacement of 2% of SiO, by 2% of P,Os causes 
a considerable decrease in density. Phosphorus pentox- 
ide is one of the few materials that reduces the density 
of a glass when substituted for silica. The reduction is 
equivalent to 0.0077 gm. per cc. for each percentage 
of substitution. When CaO- MgO is replaced by POs, 
the change in density is of considerably greater magni- 
tude, being equivalent to 0.0248 gm. per cc. for each 
percentage of substitution. Density measurements 
were not made on the fluorine glasses. 


(2) Liquidus Temperature 

Table 1 gives the individual measurements of the 
liquidus temperatures of the glasses of the fluorine 
series. No generalizations can be drawn from the 
data. The first percentage substitution of fluorine for 
silica appears to shift the primary phase from tridymite 
to devitrite without changing the liquidus temperature. 
This may not be correct since the base glass composi- 
tion lies very close to the tridymite-devitrite boundary, 
a region in which rapid changes in liquidus temperatures 
accompany a few tenths percentage variation in the 
silica content of a glass. Further rep'acement of SiO, 
by fluorine changes the primary phase back to tridy- 
mite and raises the liquidus temperature a considerable 
amount. 

It should be noted that in spite of the fact that more 
than 3% of the silica of the base glass has been replaced 
by fluorine in a glass whose primary phase could have 
been altered by a replacement of a few tenths per cent 
of silica by either a dibasic oxide or by alkali, the pri- 
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mary phase in a base glass, no phase change is observed 
when 1% of F; replaces 1% of SiO». The liquidus tem- 
perature raises 40° with this substitution. 

No tendency toward opalescence or immiscibility is 
observed in the vicinity of the liquidus temperature in 
the glasses of the fluorine series. 

When 1% of phosphorus pentoxide replaces silica in 
the base glass shown in Table II, the primary phase 
changes from diopside to tridymite without an appre- 
ciable increase in the liquidus temperature. 

Glasses PS-1 and PS-2 show immiscibility in the 
temperature range where devitrification occurs. The 
temperatures at which the immiscibility ends are noted 
in Table II. The crystals of tridymite are found im- 
bedded in the opaque glass of PS-1. No crystalline ma- 
terials were found in sample PS-2. 

The phase and liquidus temperature changes accom- 
panying the replacement of CaO-MgO by P,O; are 
shown in Table II. It is evident that the first percent- 
age substitution changes the primary phase from diop- 
side to tridymite and raises the liquidus temperature 
considerably. There is nu evidence of opalescence in 
the first percentage substitution. The next percentage 
substitution causes the glass to become very opaque. 
The immiscibility ends abruptly at 2020°F. 


(3) Coefficient of Expansion 


The coefficient of expansion of only one fluorine glass 
was determined, since it was evident after the first at- 
tempt that the specimens reacted with the fused-quartz 
plates of the interferometer. The difference between 
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the coefficients of this glass and its base is not of suffi- 
cient magnitude to be significant. 

The substitution of P.O; for SiO, raises the coefficient 
of expansion. When P,Os replaces CaO- MgO, there 
is little change. 


(4) Deformation Temperature 

When 1% of fluorine replaces silica, the deformation 
temperature is decreased considerably. The tempera- 
ture noted in Table I is that at which the reversal of 
fringe direction is observed in the interferometer. The 
curve from which this temperature is obtained shows 
a much broader range of temperatures over which 
no movement of fringes is noted other than is normal 
with soda-lime-silica glasses. It is suspected that this 
phenomenon is associated with the reaction of the 
quartz plates and specimens. 

The replacement of either SiO, or CaO- MgO by 
results in lower deformation temperatures; it is a con- 
siderable amount in the case of the silica substitution. 


(5) Viscosity 

The effect of fluorine replacement of silica is shown 
graphically in Fig. 1, and the measured values are given 
in Table I. It is evident from Fig. 1 that the fluorine 
replacement has a profound effect on the viscosity of 
the glass. The data for the 16'/,% base glass show that 
the substitution of 1% of F, for 1% of SiO, in the range 
of 0 to 2% of F,; brings about an average lowering of 
57°F. in the temperature for a log viscosity equal to 3. 
The average lowering of the log viscosity equal to 7 
temperatures is 36°F. (0 to 3.6% F.). Inthe 2 to3.6% 
F, replacement range, the log viscosity equal to 3 tem- 
peratures is decreased at the rate of 22°F. for each per- 
centage of substitution. 

A comparison of the viscosity data of glasses base 2 
and FS-5 in Table I indicates that the fluorine for silica 
replacement is just as effective in a lower alkali glass. 

Table III compares the effect of 1.1% replacement 
of SiO, by Na,O and by F,. It is evident that the fluo- 
rine is more effective in reducing the viscosity through- 
out the entire range than is soda. A lower log viscosity 
equal to 7 temperatures suggests that the fluoride glass 
will set up more slowly than the soda glass. This would 
necessitate somewhat reduced machine speeds. The 
change in deformation temperature previously noted 
indicates tnat a fluorine glass continues to be less vis- 
cous down to the 1000°F. region. 

Figure 2 shows that the effect on the viscosity char- 
acteristics of a 1% substitution of P.O; for SiO, is neg- 
ligible. The next percentage substitution decreases the 
log viscosity equal to 3 and the log viscosity equal to 
2 temperatures as shown in Table II. When P.O; re- 
places CaO- MgO, the viscosity curve is raised 10° to 
15°°. throughout the range investigated. 


(6) Resistance to Dilute Acid 


The effect of fluorine for silica replacement on the re- 
sistance to V/50 sulfuric acid can be followed in Table I. 
The first percentage substitution in the higher alkali 
base glass increases the resistance. Further substitu- 


~ tion progressively decreases it. 
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TAaBLe III 
CHEMICAL ANALYSES AND Data ON Na;O AND 
SUBSTITUTIONS 
Base NS-1* Fs-1 
SiO, 73.3 72.2 72.2 
R,O; 0.1 0.1 - 0.2 
CaO 6.0 6.0 6.0 
MgO 4.2 4.2 4.2 
~ Na,O 16.5 17.6 16.5 
F; 1.1 
99.9 100.1 100.2 
Log viscosity (°F.) 
.65 1280 1250 1235 
7.00 1345 1320 1300 
6.00 1460 1430 1415 
5.00 1615 1580 1570 
4.00 1830 1790 1780 
3.00 2145 2100 2085 
2.00 2635 2575 2560 


* Extrapolated from laboratory data. 


There is considerably 
increased resistance of the lower alkali glass for the 
first percentage of F; for silica substitution. 

The acid resistance of the series of glasses wherein 
P.O; replaces SiO, is not measurably changed. When 
replaces CaO - MgO, a decrease is noted. 


(7) Resistance to Distilled Water 


A progressive increase in the resistance to distilled 
water accompanies the replacement of silica by F, in 
the 16'/:% NazO series; 80% of the increase occurs with 
the first percentage substitution. It is likewise evident 
that the resistance of the lower alkali base glass is im- 
proved by the replacement; P,0; replacements for 
either CaO- MgO or SiO, are without measurable effect 
on this property. 


V. Conclusions 

(1) Fluorine is very effective in reducing the viscosity 
of a glass and quite probably will increase the working 
range. 

(2) Fl.o. ‘ne will increase the liquidus temperature 
rapidly in the base glasses investigated. The quantity 
used to replace soda must therefore be limited. 

(3) Fluorine does not decrease the chemical resist- 
ance in the range used in these experiments. 

(4) Fluorine compounds are probably vaporized 
above the annealing temperature of a glass. 

(5) Phosphorus pentoxide has but little effect on the 
viscosity characteristics of the bas¢ glass used in this 
work when it replaces silica. The viscosity is increased 
when it is substituted for dolomite lime. 

(6) Phosphorus pentoxide does not affect the resist- 
ance properties in the range investigated when it re- 
places either CaO - MgO or SiO:. 

(7) The tendency of glasses to become opalescent in 
the working range when phosphorus pentoxide is pres- 
ent suggests that the element is not desirable in soda- 
lime bottle glasses. 


Owens-ILurnois Grass COMPANY 
GENERAL RESEARCH LABORATORY 
To.epo 1, Onto 
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REFINED METHOD OF CONTROL OF CORDINESS AND WORKABILITY 
OF GLASS DURING PRODUCTION* 


Statistical Control Charts Applied to Daily Measurements of Density : 


By L. G. GHERING 


ABSTRACT 
Many glass plants obtain daily measurements of the density or specific gravity of the 
glass in each furnace. Small daily fluctuations of about +0.0010 density unit are - 
usually taken for granted, while pronounced changes within a two- or three-day period 
are a matter of concern; but heretofore neither criteria of permissible variability nor % 
rules for interpretation of the data have been in general use. 
In the present work, the control-chart method of statistical analysis of past data has 
been applied to data from ten glass furnaces. Small daily fluctuations of density are 
found to be statistical in character, and the predominant cause of large variations is 
found to be in the batch house. The rational subgroup sample to be used in analyzing 
such variations and in operating a control chart is found to be a subgroup of three con- 
secutive daily density values obtained from a particular furnace. Using this subgroup, 
the average 3-day range of density for the ten furnaces varied from 0.0006 to 0.0023, 
and the corresponding 3-sigma limits for daily variation from the central line density 
were +0.0011 to +0.0040. A typical value for the average 3-day range of density is 
0.0012 and a value no larger than this is a reasonable goal for a glass container plant. 
The use of control charts for maintaining a state of statistical control of density 
during production is illustrated for four furnaces over a 2- to 6-month period. Many 
assignable causes of variation were found in the batch house, usually in the scales; other 
assignable causes were changes in cullet and in raw materials, changes in firing of the 
furnace, and laboratory errors in measurement of the density. 
Present experience indicates that it is difficult to maintain a state of statistical control 
with the types of batch-weighing equipment in use in some plants. The importance of 
control, however, was demonstrated for two furnaces in two different plants by the fact 
that cordiness increased with increasing 3-day range of density. When the density 
was not maintained under statistical control in one plant, trouble was experienced with 
checks in the ware. 
The use of control charts for keeping lack of control within tolerable limits is 
discussed for one furnace where the variations were smali and the control limi. narrow. 
The range was held under control, but the density showed “‘trends” and went out of 
control. In this instance, the 3-sigma contro] limits for variation of daily values from 
the central line density were 0.0011, cofresponding to * 0.09% replacement of lime by 
silica. Inasmuch as composition changes in excess of *0.09% are tolerable in the 
present state of the art, a modified control limit corresponding to a composition change 
of approximately +0.25% is suggested, the corresponding density limits being 0.0030. 
When the 3-sigma limits for density are less than this value, modified limits may be 
used, although the 3-sigma limits for range are fetained. When the 3-sigma limits are 
greater than +0.0030, it is most desirable to maintain strict statistical control, and 
efforts should be made to reduce the variability; otherwise there may be excessive 
cordiness and other difficulties in fabrication of the ware. In some instances, a reduc- . 
tion in variability will require major repair of batch handling and weighing equipment 
. or a new batch-house weighing installation. Other subgroup methods and other sources 
of variability are also discussed. 
Control charts on density are of practical utility to plants. ‘‘Assignable-cause”’ 
variations are easily distinguished from unimportant, normal variations. The use of 
3-sigma action limits keeps investigation of fluctuations to a minimum, and sets trouble- 
shooting, when it is necessary, on the right track. The charts, furthermore, are a 
useful guide toward a permanent reduction of the variability. They should be helpful 
to management in striking an economic balance among tonnage pulled, glass quality, 
and capital expenditures for improvement of batch mixing and handling and other 
changes. The time required to maintain a chart for one furnace is about one day for 
past-data analysis, one minute each day for plotting, and not more than one day per 
month for current analysis, review, and adjustment. 
* Presented at Glass Division Autumn Meeting, Ameri- This paper constitutes a report of one of the researches 
can Ceramic Society, Pittsburgh, Pa., September 14, 1944. sponsored by the Glass Container Association of America 
Received September 28, 1944. and was also presented at the meeting of the Pittsburgh 


(1944) 373 


] 
| 
| 
| 
| 


374 Journal of The American Ceramic Society—Ghering 


Introduction 

Many glass plants make daily measurements of the 
specific gravity or density* of a sample of glass from 
each furnace. The Archimedes method! for determin- 
ing specific gravity is usually employed, although a few 
plants have recently used a sink-float method? utilizing 
heavy liquids and standard density samples. Such 
measurements are widely used for control purposes, in 
lieu of chemical analyses, for several reasons, (1) 
necessary equipment can be easily obtained by a small 
plant laboratory, (2) specific gravity or density varia- 
tion is a more sensitive and precise indication of com- 
position changes than chemical analyses,’ and (3) the 
measurements require little time, thus making it practi- 
cable to obtain a value each day on each furnace. The 
most recent practice is to make chemical analyses only 
to determine the particular combination of oxide 
changes that produce a known density change—in 
other words, as a trouble-shooting tool to find the 
necessary batch change or the difference between the 
calculated (theoretical) and the observed composition. 

In the writer’s opinion, however, the fullest use has 
not been made of the density data. One of the reasons 
lies in the complex relationship between density and 
composition. Many laboratories regard density changes 
with undue suspicion because of the uncertainty of the 
corresponding composition changes. Others have 
failed to find any correlation between density, or density 
variation, and important functional qualities of the 
glass, or ware, or components of the fabrication process. 

When a density change occurs, it indicates a change 
in composition provided the annealing remains con- 
stantt although there may be rare instances where the 
converse, that is, no density change, no composition 
change, is not strictly true. Theoretically, there may 
be compositio:: changes which leave the density un- 
changed; for example, in most container glasses the 
addition of 0.50% by weight of Al,O,; plus 0.:.~ SiO, 
produces a density change of 0.0000. It is the writer’s 
experience, however, and this has been supported by 
others, that in glasshouse practice the danger of com- 
plete composition-density compensation is so remote 
that it may be virtually disregarded in practical plant 
operation. 


a Control Society, Pittsburgh, September 23, 


ao In reporting data it is essential, of course, to dis- 
tinguish between density and specific gravity. The term 
density (in gm. per cc. at 20°C.) will be used in this paper; 
density in gm. per cc. at 20°C. equals specific gravity at 
20°C. X 0.99820, the density of pure water at 20°C. 

1“Glass Composition Control by Use of Specific- 
Gravity Determinations,” Glass Ind., 22 [9] 384-86 (1941); 
Ceram. Abs., 21 [1] 8 (1942). 

sL. G. Ghering and M. A. Knight, “Properties and 
Diagnosis of Cords in Pressed and Blown Glassware,” 
Jour. Amer. Ceram. Soc., 27 [9] 260-66 (1944); the sink- 
float method recently used is the one mentioned briefly 
under subtitle VI (3), p. 263; the heavy liquids and their 
temperature-density factor are given under subheading (4) 
p. 264. The adaptation of this and other techniques to 
lump-density measurements in plant laboratories is under 
study in this laboratory at the present time. 

+ For the effect of annealing on density, see reference (2) 
Table I, p. 261. 


It is also true that there are many other variables, 
aside from composition changes, that enter into density 
data and tend to detract from its value for making 
broad interpretations and analyses. Annealing has al- 
ready been mentioned. Densities of ten lumps from 
various parts of the same bottle, in extreme cases, may 
vary by as much as +0.0005 due to annealing differ- 
ences or composition heterogeneity (cord). Further- 
more, the measuring technique is subject to various 
errors, (a) inclusion of bubbles, seeds, or cracks in the 
sample, (b) dirty samples, (c) bubbles of air sticking to 
the immersed sample, (d) arithmetical errors, and (e) 
other experimental error. Then too, if absolute values, 
as distinguished from relative values, are being calcu- 
lated, great care must be taken in temperature correc- 
tions, air buoyancy corrections, and calibration of 
weights. 

But the foregoing limitations of the density method 
are often exaggerated. The important thing for control 
purposes is precision (reproducibility) as distinguished 
from accuracy. When measurements are reasonably 
accurate and reasonable care is taken with respect to 
annealing, density data do give an over-all indication of 
composition changes caused by batch scales, batch-scale 
settings, mixing losses, batch segregation, melting 
segregation, convection currents in furnace, furnace 
temperature and firing conditions, stagnant glass in 
active stream, volatilization and dusting loss, refractory 
contamination, changes in tonnage pulled, composition 
of foreign cullet, and others. When an unustal density 
variation occurs, a chemical analysis can be made if 
necessary in order to find the immediate cause of the 
variation. In the past, there has been fair success in 
using density data in lieu of chemical analysis for plant 
control, and this has been accomplished without the use 
of general rules for interpretation of the data. Although 
there are no published yardsticks for judging furnace or 
batch-house performance on the basis of day-to-day 
density variations, a 3-day density spread of 0.0055 has 
been illustratedt as ‘‘poor performance” and 0.0015 as 
“good performance.” 

Good density data may be had by ciaoosing, each day 
at the same hour, a bottle of approximately the same 
grade of annealing from the same shop and lehr position 
(preferably a heavy-pull shop) and by selecting a seed- 
free sample from the shoulder of the bottle. The fact 
that many plants accumulate density data implies that 
their value justifies the effort. The writer’s main thesis 
is that if the data are worth taking they are worth 
analyzing by the relatively simple control-chart proce- 
dure outlined herein. 

In the following pages, the powerful tool of statistical 
control charts* has been applied to density data. The 


t See Fig. 2 of reference (1), p. 

(a) “Control Chart Method Controlling Quality 
During Production,’’ American Standards Association, 
ASA Designation Z1.3-1942 (29 West 39th Street. N. Y.; 
the small booklet is easily obtainable at a nominal cost). 

(5) Leslie E. Simon, An Engineer’s Manual of Statistical 
Methods. John Wiley and Sons, Inc., New York, 1941. 

(c) W. A. Shewhart, Economic Control of Quality of 
Manufactured Product. D. V- Nostrand Company, 
Inc., New York, 1931. 


Vol. 27, No. 12 


ts 
- 
43 
] | 
{| 
Ni 
ip 
a 

ak 


Control of Cordiness and Workability of Glass During Production 


Tasie I 
GLOSSARY OF SYMBOLS AND TeRMs* 


n, number of consecutive daily density values in a group. 

R, range (maximum spread) of values in subgroup sample 
of consecutive daily density velves; e.g., for the 3 
density values 2.5004, 2.5019, a | 2.5016. the range is 
0.0015. 

R, average range of a number of subgroup sample ranges. 

¢, sigma; standard deviation. 

X individual value (daily density measurement). 

X, average of a subgroup sample. 

, average density over a period of 90 or more days; cen- 
tral line density. 

UCL x, 3-sigma upper control limit for individuals. 

UCLX, 3-sigma upper control limit for subgroup averages. 

LCL, lower control limit (3-sigma). 

tral line, either average density, xX , OF average range, 
, over a period. 

Dispersion, variability or spread of the individual values of 
a universe. 

Extension, end of past data analysis, projection of center 
lines and limits, and beginning of operation of the con- 
trol chart. 

Level, average density fo. . particulcr period (see { foot- 
note, section VI (1)). 

Theoretical (composition), average of those chemical 
analyses of samples in which the glass density is close to 
central-line density; or batch-calculated composition 
adjusted for furnace losses, etc. 

Weighted mean (composition), same as theoretical. 

Weighted mean (density), representative central line den- 
sity for those periods when chemical analyses are close 
to theoretical. 

Universe, large group of values (densities), essentially 
alike. 


* The control chart symbols and terms are the same as 
those used in the ASA pamphlet, reference (3a). 


3-day subgroup range of density described gives a defi- 
nite measure of performance, and 3-sigma control 
limits indicate when an investigation of causes of varia- 
tions is justified. Sampling is related to expected varia- 
tions in advance so that when lack of control is indicated, 
one knows where to look for the trouble; investigation 
or trouble-shooting, when necessary, is kept on the right 
track. This method of control serves as a preventive 
of certain types of serious cordiness as well as « method 
of preventing composition changes of sufficient magni- 
tude to change the workability of glass in the forming 
machines. It will be shown that, in general, this method 
of plant control is more practical as well as more pre- 
cise than chemical analyses. 


ll. Data 
All original data* on composition, density, and ware 
grading are given in chart form in Figs. | to 12. They 
are believed to be fairly typical of over-all performance 
in the glass-container industry and include data from 
five plants. The figures and their legends give most of 


* Because of the confidential nature of plant operating 
data, each set of ordinates for composition and for density 
has been changed by some fixed amount on most charts. 
Inasmuch as the spread or range of the data has not been 
changed, their essential statistical character -remains 
intact. 

The author gratefully acknowledges the aid of those 
companies and individuals who provided the data, assisted 
in the detailed analysis thereof, and helped to make the 
control chart application a success. 
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the detail and, if they are studied in numerical order, 
give a fairly complete story independently of the text of 
the paper. 

A glossary of the symbols and terms used in the 
figures and in the text is given in Table I. 

The partial correlation of ware grade (for cord) with 
3-day range of density given in Fig. 1 is not an essential 
part of the control-chart method, but the fact that some 
correlation exists enhances the value of the control 
chart and is concrete evidence that control of density is 
an important objective. 

A case history of poor measurements (Archimedes 
method) and subsequent improvement in laboratory 
technique is given in Fig. 2. This illustrates the utility 
of control-chart analysis when errors in the measure- 
ments themselves are suspected. 


. Control-Chart Method of Analyzing Variations 


(1) Fundamental Considerations in Selecting « 
ational Subgroup 

In any control-chart analysis, useful information is 
obtained when the data are subgrouped consecutively 
in the order of production. It is essential that the sub- 
group samples be related to the component parts of the 
process. Then, if unusual variations are found, it is 
relatively easy to identify the component that caused 
the variation. As will be seen later, the main com- 
ponents of furnace-glass density data, that is, the main 
factors affecting the density values, are the raw ma- 
terials, the batch house, the furnace, and the laboratory 
measurement itself. 


(2) Choice of 3-Day Subgroup Sample 

Inspection of the typical daily density curve in Fig. 4 
(solid line, daily density) and also of the daily density 
curves in Figs. 6 and 7 indicates that daily densities are 
essentially statistical in character. Furthermore, in- 
spection of the daily density curves in Fig. 3 for three 
furnaces on the same batch, raw materials, and batch 
house indicates that the predominant day-to-day 
fluctuations are characteristic of the batch house and 
not of the particular :urnace. A statistical measure of 
this batch-house fluctuation fs needed. Mean devia- 
tion from the mean (absolute values), standard devia- 
tion (of subgroups or of individuals), and the average 
range of subgroup samples are available statistical 
measures of dispersion. The use of the average, R, 
of the subgroup sample ranges, from which the stand- 
ard deviation, sigma, may be calculated by using a 
simple factor, is the standard control-chart proce- 
dure.*@ The remaining problem is whether the 
choice of subgroup size shall be 2, 3, 4, 5, 6, or more 
consecutive daily density values from the particular 
furnace. The use of a group as small as 2 is not good 
statistical procedure and one larger than 4 gives undue 
weight to trends. t 


+ Strictly speaking, data which show obvious trends are 
not well suited to computations of sigma in that the calcu- 
lated value of sigma is somewhat too large and the 3-sigma 
limits are ouly approximately correct. This does not 
sericusly affect the practical application to the kind of 
data illustrated. In this connection, see section VII, (3) 
and (5), pp. 386-87 
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Fic. 1.—Ware grade plotted as a function of 3-day range of density, i.e., the maximum spread of three consecutive 
daily density values; from line of best fit, calculated by least squares method, cord grading seems to improve with decreas- 
ing range of density; 190-day period November to May, plant No. 1, furnace A; calculated correlation coefficient is +0.41. 


In preliminary investigations, ranges were determined 
for subgroup samples of both 3 and 4 daily density 
values. When subgroup samples of 4 were taken, the 
range on a particular day for the subgroup sample in- 
cluding that day and the three previous days did not 
correlate well with the ware grade for cord on this 
particular day. Although the correlation coefficient 
was not calculated, inspections revealed that it was near 
zero; also, the observation is often made in the plants 
that the density level on the fourth day back is too re- 
mote to be reflected as a cause of “‘today’s’’ cordiness. 
On the other hand when subgroups of 3 daily density 
values were used, a correlation between a 3-day range 
of density and ware grade for cord was found, the cord 
quality improving with decreasing values of the 3-day 
range. The calculated coefficient of correlation (method 
of least squares) was 0.41 for furnace A and about 0.35 
for furnace B in plant 1. In the third case where data 
were available, namely, furnace A in plant 3, the co- 
efficient was 0.27. Because of this partial correlation, a 
subgroup sample of three consecutive daily density 
values was adopted. In Figs. 4 to 9, the range and ware- 
grade charts are located one above the other to aid the 
eye in following this functional relationship. 

The correlation of 0.41 in Fig. 1 is fair partial correla- 
tion. Actually, a correlation approaching 1.0 cannot be 
expected since the ware grade is not a grading for cord 
only; it gives weight to the particular location of the 
cord in the ware, for example, tension cords on the out- 
side surface are heavily weighted. Furthermore, it is a 


subjective grading rather than a measurement. Even 
more important is the fact that day-to-day batch-house 
variation, the main factor in 3-day range of density, is 
only one of the several causes of cordiness; other causes 
are refractory corrosion, stir-up of stagnant glass on the 
bottom of the furnace, and batch segregation. 


(3) Calculation of Range 

The method of computing range from a subgroup 
sample of three consecutive daily-density measure- 
ments is illustrated in column (5) of Table II, the range 
of a subgroup being the maximum spread of the sub- 
group values. In analyzing past data, it is best to com- 
pute the ranges for 30 to 60 subgroup samples repre- 
senting three to six month’s production and then de- 
termine the average, R. This is the measure of vari- 
ability and the key to the control-chart method and 
from it the control limits are computed.* 

For the 3-day range curves in the figures, a range is 
obtained each day by using the density on a particular 
day along with the densities on the two previous days 
as a 3-day subgroup sample. 


* After finding R, compute its upper gsigma control 
limit by the formula UCL = 2.574 R. If any R’s 
going into the R exceed the UCL, designate them as 
mavericks, throw them out, and recompute R, especially 
if the cause of the maverick can be accounted for, as 
something apart from the normal process; then the re- 
computed R becomes the representative yardstick of the 
normal process (see reference 3(6), pp. 55 and 56). 
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Taste II 


DETERMINATION OF AND 3-SiGMA Limits AND ILLUSTRATION OF SUBGROUP MgTHODS FoR DaILy DENSITIES 
Piant No. 4 Furnaces A, B, anp C 


(1) (2) (3) (4) (5)* out (7)t 
“n = 8 days 3; day 
16 2.4918 2.4923 2.4920 5 
17 13 10 09 14 4 
18 10 11 09 8 2 
19 05 08 09 6 4 
22 00 04 03 4 
23 00 09 10 10 10 
24 09 09 02 Q 7 
25 40 33 30 38 10 
26 25 29 30 5 
27 35 23 31 15 12 12 
31 30 28 26 4 
June 
1 42 39 38 16 4 
2 40 47 43 12 7 
3 36 25 43 22 18 
5 30 32 36 6 
6 49 48 45 19 + 
7 28 30 32 21 4 
8 30 35 35 7 5 
Avg. range R for data 13 16 6.3 
Avg. range April 5-June 8 12 12 5.8 
Range factor 2.574 2.004 2.574 
Range upper contro! limit 31 24 15 
*3-sigma limits, individuals (X) 22 *10 
+3-sigma limits, subgroups 6 6 


* Homogeneous subgroup; separate chart for each furnace indicates day-to-day batch-house variability; oveflapping 


ranges are not shown. 


+ Nonhomogeneous (stratified) subgroup; improper method; limits too narrow. 
t Inapplicable if day-to-day batch-house variation is more important than furnace differences. 


(4) Setting Up Control Limits and Central Lines 

Having found R, the 3-sigma control limits for both 
the range chart and the density chart are computed 
from’ factors.* The control limits for density shown in 
the figures are for individual values, that is, daily densi- 
ties, except those in Fig. 5, where both subgroup and 
individual limits are shown. The central line, ¥, on 
the density chart is the average density for the past 90 
days or so, mavericks, that is, assignable causes ac- 
counted for, having been eliminated. Judgment is 
necessary in selecting a period for the central line which 
is representative of a given grade of annealing, raw 
materials, batch formula, scale settings, etc. 


(5) Significance of 3-Sigma Control Limits 

The R and the 3-sigma limits have been derived from 
past performance of the process. The batch house has, 
in effect, revealed what it is normally capable of doing. 
It cannot be expected to do any better without making 
changes (different raw materials, better batch system, 
etc.), but it should stay within its control limits. The 

* For formulas and factors for various subgroup-sample 


sizes, see reference 3(a), pp. 37, 38, and 39. For a sample 
size of 3, the following formulas apply: 


Chart Central line 3-sigma control limits 
Ranges R 2.574 R and 0 
Subgroup avg. ~1.023R 
Daily values ¥ +=3R/1.693 


(1944) 


probability of a limit being violated is only one or two 
chances in 1000, unless something unusual has oc- 
curred. When the density or range value falls outside 
a limit, that is, goes out of control, there is an assign- 
able cause which can be found and eliminated. This is 
the crux of the control-chart method. 

The 3-sigma limits, of course, include all variables in 
the process, for exampie, annealing, measurement 
errors, and all functional components of the batch, 
batch house, and furnace that affect density. Most of 
these variables were mentioned in the introduction 
(section I). Many of them operate, and they are not 
explicitly separated. It is for precisely this reason that 
a statistical treatment is advantageous. A yardstick is 
provided which indicates when it is worth while to take 
action and when it is not.‘ 


IV. Analysis of Past Date 


(1) Poor Precision of Laboratory Measurements 

In Fig. 2 is shown a_case of variability of density 
values due to the poor precision of the laboratory 
measurements. The analysis was made in August, 
several months afte: the data were taken. The super- 
visor’s records, however, showed that about February 1 
it was suspected that there were errors due to lack of 
skill on the part of the technician, and the latter was 
given instruction as to the proper technique. The 

‘J. M. Juran, “A, B, C of Quality Control,” Glass. Ind., 
25 [8] 358; [9] 407 (1944). 
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Fico. 2.—Top curve shows daily density values for furnaces B and A; two lower curves show the 3-day ranges plotted 
separately: A significant change due to improvement in laboratory technique occurred February 5, and the ranges were 
recalculated. These new ranges and the corresponding limits extend to March 30, when another similar change occurred. 


The third set of ranges and limits computed extends to August 31, as shown in Fig. 3. 


FAST DATA ANALYSIS PLANT 4 (conT) 
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Fic. 3.—Furnaces B and A, as well as furnace C, from date of April 12. 
curves, the curve of B is raised 0.0060 scale unit and that of C is lowered an equal amount. 
A on July 11 is shown with the corresponding change in the central line. 


a 


In order to separate the three daily density 


A batch change for furnace 


Three assignable causes are indicated. These 


are accounted for, in retrospect, from detailed records that accompanied the data. The bottom curve is the range curve 


of furnace A only. 
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ST DATA ANALYSIS | PLANT 2 FURNACE A 
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CONTROL CHART PLANT 1 FURNACE A (conT) 
7 


ASSIGNABLE CAUSES ELIMINATIO 


wart 
c SETTING LAROR ON LIME OF 


MAY JUNE AveusT 


Fics. 4 and 5.-—Curves for lime and for silica, for daily density (X), average subgroup density (%), 3-day range of 
density, and for ware grade. The crosses on the range curve denote overiapping ranges. The period from November 13 
to May 2: is shown in Fig. 4, and that from May 2 to September 2 in Fig. 5 (nineteen days overlapped). The average 
range and the average density with its corresponding 3-sigma limits for daily values are shown as well as limits for 3-day 
subgroup panstiaating and alternative type II limits for both daily density and subgroup averages. (For the limit values 
given, the 0.00 has been omitted.) Assignable causes are indicated and classified into two groups, those eliminated and 
those merely accounted for; the limits and central lines are extended from June 1, the beginning date of actual operation 
of the chart as a control chart. 
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Fic. 6.—Typical laboratory curves for lime, silica, daily density, and ware grade are shown for the period July 13 to 
December 10. The only necessary additions to convert to a control chart are shown on the right. The change from a 
broken line to dots is not essential, but the use of dots is customary in plotting control charts. Conventional subgroup 
ranges are not distinguished from the overlapping ranges. 
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_ Fic. 7.—R was computed for the period December 10 to May 31 and the first central line calculated for the 
December 10 to March 22. A new central line was calculated for the period March 22 to June 1. On June 1, 
the 3-sigma daily limits were extended, and the chart was put into operation. Assignable causes and their corrections are 
shown. The crosses shown in the period June 5 to July 25, some of which are connected by thin dotted lines, are densities 
calculated from the chemical analyses for comparison with the measured densities. 
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Fic. 8.—Curves for lime, silica, daily density, 3-day range of mm and for ware grade from September 13 to 


March 31. Analysis of the data up to March 11 gave an average range, 


of 0.0012. The corresponding central lines 


and limits are drawn in. An assignable cause, accounted for on March 4, is indicated. 


average range for furnace A decreased from 0.0027 to 
0.0020. This variation was still rather high, and so on 
April 1 the technician was coached a second time. The 
average range for the smaller furnace B then decreased 
to 0.0016, and for furnace A to 0.0013, computed for the 
period April to August (see also range curve in Fig. 3). 
This case history illustrates a situation where the 
density variation was apparently high, but nonetheless 
for the most part was under control. The control chart 
is useful in that it gives a definite measure of the varia- 
tion during the three periods. The changes in R and in 
the limits are consistent with the causes noted in the 
past records. 


(2) Assignable Causes Accounted For 

One important use of control charts is that of analyz- 
ing causes of variation. In the previous example, the 
cause was known and the control chart contributed 
little new information. Other important applications, 
however, are illustrated in several figures bearing the 
title “Past-data analysis.” The causes of variation 
were not so easily accounted for in these cases. 

In Fig. 3 are shown three assignable causes corre- 
sponding to batch weighing errors noted in the past 
records. There is also a change in level on furnace A 
owing to the addition of BaO to the batch. 

In Fig. 4 is illustrated a more elaborate method of 
plotting the data. The 3-day range is plotted as a dot 
on the third day of the subgroup sample while the 
crosses represent overlapping 3-day ranges. Thus the 
range chart is complete, with a point recorded each day. 


(1944) 


The average of each 3-day density subgroup, Y, is also 
plotted as a dot (on the third day) but the overlapping 
X's are not included, since they serve no particular pur- 
pose. A lack of control is indicated for both range and 
density. Since the rational subgroup sample of three 
consecutive daily density values was taken in order to 
reveal day-to-day batch-house variations, the assignable 
causes probably were in the batch house, but the in- 
complete past records did not account for them. 

In Fig. 8 is shown essentially the same information, 
the difference being that Y's are not shown on the den- 
sity chart. Overlapping ranges on the range chart, 
moreover, are not distinguished from the convention- 
ally segregated subgroup ranges. One assignable cause 
is accounted for by past records. Inu Fig. 9 beyond April 
2, the variability appears to have decreased and the 
range was recalculated. 

On the right-hand portion of the chart in Fig. 6, the 
dots representing the daily density values are not con- 
nected by lines. The same scheme is followed on the 
range chart. This is the most usual form of control 
chart but, of course, it is not necessary for glass houses 
to change their present practice of drawing in connect- 
ing lines. The main portion of Fig. 6 illustrates a typi- 
cal glasshouse density chart, while the extreme right 
illustrates the only necessary additions to make it a 
control chart, and, as just stated, it is not even neces- 
sary to switch to dots. In the continuation of the chart, 
in Fig. 7, a change in level is indicated about March 22. 
This represents an assignable cause in raw materials or 
batch weighing. 
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Fic. 9.—Curve begins on March 12 (18 days overlapping) with a new central line for density, drawn in at the higher 


level of the period April 2 to June i. Since the range appeared to have decreased after April 2, a new range and corre- 
sponding limits were calculated for this period. The chart was put into operation on June 1. Several assignable causes 
indicating a lack of control of both range and density are noted, and two batch changes with accompanying changes in 
the central line of the density curve are indicated. The new central lines for density level were calculated in advance by 


the use of density difference factors. 


(3) Role of Furnace Size 


Where furnaces of different sizes are operating on the 
same batch and batch house, R depends somewhat on 
the size of the furnace. For example, in plant 1, the 
relatively large furnace B has an R of 0.0013 whereas 
that of the smaller furnace A is 0.0015. Data for all 
furnaces are given in Table III, p. 387. In plant 4, 
the corresponding figures are 0.0013 and 0.0016. These 
findings on furnace size substantiate the common ob- 
servation that the smaller furnace in a plant is more 
sensitive to changes and the glass is more apt to be 
cordy. Thus it is seen that the 3-day subgroup of a 

icular furnace is not entirely a measure of day-to- 
day batch-house variation. The explanation probably 
lies in the fact that the large back-log of molten glass in 
the larger furnace cushions or dampens the day-to-day 
batch-house variation. There appears to be no way to 
separate the variable of .urnace size and that of day- 
to-day batch-house variation except to plot two charts, 
one with a subgroup sample (of densities) of three con- 
secutive days on a particular furnace and the other a 
sub-group sample including all furnaces on a particular 
day (see Table II, column (7)). 


(4) Related Quality Characteristics; Glass Work- 
ability 


In Table III, columns (7) and (9) give further data 
supporting the wisdom of using the 3-day range as a 
measure of variation and as an analytical tool. The 


cord-quality characteristic of a particular batch house 
correlates well with the average 3-day range and the 
condition of the batch-weighing equipment. 

In one plant, moreover, it was noted that ‘‘checking”’ 
(tiny cracks on the surface of the ware) occurred when 
the density level was out of control (see discussion of 
Fig. 5, section VI (2)). 

In glass plants, there are frequent complaints from 
the hot end that the glass is not working properly on a 
particular day. The laboratory usually is unable to 
find the cause; chemical analyses do not give a definite 
clue. Evidently the forming machine is more sensitive 
to changes in composition than analytical procedures; 
someone has said that the modern forming machine 
is glass technology’s best viscosimeter. Therefore, the 
question is now raised as to whether or not the 3-day 
density range correlates with workability of glass. 
The difficulty in answering this question lies in measur- 
ing those factors which affect the machine. This sug- 
gests trying the correlation of number of checks in off- 
ware, poor seams, distribution, or total off-ware, etc., 
with 3-day density range. It should be worth trying. 
The 3-day range of density may turn out to be an 
analytical tool more powerful than is indicated by the 
present discussion. 


V. Maintaining Control During Production 


(1) Locating and Eliminating Assignable Causes 
The maintaining of a state of statistical control is 
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another use of control charts. Having analyzed past 
data and set up control charts with limits, the central 
lines and limits are extended and the chart put into 
operation. The control charts in Figs. 5, 7, and 9 were 
put into operation on June 1, at the points marked 
“extension”; the one in Fig. 10, at the beginning date. 

In Fig. 5, five assignable causes were identified.* 
Three were accounted for and eliminated while two were 
merely accounted for, one of the latter being a change 
in cullet. Of those eliminated, one was a holiday shut- 
down and two were scale errors. Although statistical 
control was not maintained during June, July, and part 
of August because of various circumstances, it was 
maintained in August and September (the latter month 
not shown). 

In Fig. 7, where another furnace on the same batch 
house as the above is shown, the situation is similar. 
Three assignable causes were found and eliminated; 
all of these were scale errors. 

In Fig. 9, four assignable causes and two batch 
changes are indicated. One of the assignable causes 
was a holiday shutdown, another was a major fuel 
failure where subsequent high temperature stirred up 
heavy bottom gliss, and the other two were scale errors. 
A fair degree of statistical control was achieved and 
continued through September (not shown). 

In Fig. 10 is an example of narrow control limits 
due to the low 3-day range of 0.0006. Although the 
range was under control, there are trends in the den- 
sity values and six assignable causes, one of which 
was a change in raw materials, namely, sand. All of 
the assignable causes represented minor composition 
changes of not more than + 0.20% silica replacing lime. 
This situation is discussed fully in section VI. 

It is interesting to note that most assignable causes 
were batch-house weighing errors. These assignable 
cause variations were not due to fluctuations of the an- 
nealing of the sample or some of the other variables 
that are, somehow, always subject to laboratory sus- 
picion. The present work seems to indicate that re- 
annealing of the sample is not necessary, if reasonable 
precautions are taken. The other known variables 
which did not show up as assignable causes are ubscured 
behind the statistical maze of normal variations; they 
need not be considered, at least not until after the more 
flagrant offenders have been found and eliminated. 

The facts that there were so many assignable causes, 
that delays occurred in identification and correction, 
that the density was out of control some of the time, 
and that there is evidence of trends indicating poor cot- 
trol even when the density was within the limit: do 
not necessarily detract from the value and usefulness of 
limits. Rather, the fact that the assignable causes were 
easily identified in most instances and that the density 
came back into control when corrections were made is 
proof of their practical utility. Recurrence of the same 


* The control chart does not locate the assignable causes; 
it merely indicates when they exist. The plant technician 
has to find them by goin< to work in the plant and labora- 
tory, using his best hunch as a starting point and keeping 
in mind that the subgroup sample being used was chosen 
to show day-to-day variations in the batch house. 


(1944) 


assignable cause, for example, scale errors, shows that 
the assignable causes were not permanently removed. 
Although permanent elimination is the goal, a recur- 
rence is not the fault of the chart. Instead, the chart 
helps to identify the offender. Management will wisely 
take notice and compare the cost of a new batch-scale 
installation with the cost of poor quality production or 
the cost of excessive cullet. 


(2) New Central Line after Batch Change 


In the usual applications of control charts, it is 
customary to compute a new central line from new data 
representing 20 or more subgroup samples or 60 or more 
individuals. However, in applying control charts to 
glass density, when the change is a deliberate batch 
change, it is possible to predict the new central line 
accurately in advance.t The known composition 
change on an oxide basis is converted to a density dif- 
ference, and this difference is applied to the old central 
line. Examples of deliberate batch changes are shown 
in Fig. 9; another example is furnace A, Fig. 3. 

When starting a control chart, if the mistake of ex- 
tending a central line at an improper level is made, re- 
visions may be made as they become necessary. 


Vi. Keeping Lack of Control Within Tolerable 
Limits 


(1) Tolerable Changes in Density Levelt; Com- 

position Equivalents 

The present application of control charts differs 
from most applications because the absolute value of the 
central line density is not a critical quality character- 
istic of commercial glass. It is unlike the finish dimen- 
sion of a jar: If the diameter is not 2 = 0.020 in. or 
some such value, the cap will not fit. In the case of 
glass density, the important thing is not the average 
density over a long period but abrupt changes in the 
density level; different levels require different fabrica- 
tion techniques on the forming machines. If the level 
were maintained constant over a long period, the work- 
men would be able to fabricate good quality ware out of 
glass of any reasonable density, but they cannot quickly 
accommodate their technique to abrupt changes. Thus 
it is necessary to set some limits on the density level or 
at least to make only long-term changes. 

A gradual change in the level, provided the range 


t See reference (2), Table IV, p. 263; an illustration of 
the computation of density difference from a known 
composition change, AX, is given herewith: 


Oxide 4X Factor, Yy 4X 
SiO; 0.30 —0.0273 — 0.0082 
Al,O; 0.20 — 0.0232 —0.0046 
CaO —0.30 —0.0143 0.0043 
Na,O —-0.10 —0.0200 0.0020 
BaO —0.10 —0.0075 0.0007 
0.00 —0.0058 


The calculated density change is —0.0058. 

t The term “density level” as used here means the 
average of daily density values taken over a period of 
several days, or a few weeks, during which the dens‘ty 
values show no particular upward or downward trend. 
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Fic. 10.—The 3-sigma limits and central line were established for a previous period and extended on this chart. 
Assignable causes 1 to 5 are noted but they were neither accounted for nor corrected. The evident change in level be- 
ginning June 12 is accounted for and represents a 0.20% increase in SiO, due to a new source of the sand. The 3-day 
range in the period June 12 to August 31 appears to be greater than that of the previous period. If this situation con- 
tinues through September 15, not shown, a new R should be calculated and the corresponding control limits used. If the 
new limits for density are less than +0.0030, then type II, or modified, limits of +0.0030 may be used anyway. 


does not go out of control, will not cause cord or upset 
production (see Fig. 9, period July 15 to July 31). 
Experience has also established the fact that a batch 
change and the accompanying change of density level 
can be made without causing difficulty, provided it 
is made slowly. Using the control chart technique, the 
chenge is made in such a way that the density range 
stays within its statistical control limits; it is guess- 
work no longer. 

In Fig. 10 a lack of control of density is indicated, 
although the range is under control most of the period. 
Actually the change is small and the glass quality was 
satisfactory (D + glass quality corresponds with C + 
ware grade). The assignable causes on the density 
charts correspond to a variation of the density of about 
(0.0025 from the central line. This is equivalent to 
approximately + 0.20% replacement of lime by silica. 
In the present state of the art, most laboratories would 
consider this a tolerable variation and would not con- 
sider it worth while to find and eliminate such assign- 
able causes. Of course they could be found because 
the process has set its own narrow limits, and the fact 
that it is out of control indicates that there is some- 
thing unusual. 


(2) Modified Control Limits 
* Under the above circumstances, it is suggested that 
an imposed operating specification limit of +0.0030 


could be used for the central-line density, and variations 
within this band not taken seriously, at least in the 
present state of the art. This would not be done, how- 
ever, if one is seeking to improve the process. 

This +0.0030 band corresponds to a *0.25% com- 
position change of SiO, replacing CaO, a change in com- 
position that is not considered critical. Such modified, 
or type II, limits are shown in Fig. 10. 

In Fig. 5 are shown similar operating specification 
limits for individuals, and also for the corresponding 
subgroup averages. The spread for the density is 
+ 0.0050, corresponding to + 0.40% SiO, replacing CaO. 
But since + 0.40% is probably too large a composition 
change for satisfactory operation, it is recommended 
that the statistical, type I, limits be retained i~stead. 
In fact, trouble was experienced with checks in the ware 
in the period June to July. This confirms the belief 
that it is not desirable to allow a variation in level much 
greater than the +0.0027 statistical band. Modified 
limits greater than +0.0030 are therefore not recom- 
mended for density. Even when limits of +0.0030 are 
used for the density, it is essential that the range of 
density stay under strict statistical control. 


Vil. Discussion 


(1) Rational Subgroups; Other Methods of Sub- 
grouping 
The recommended method as described involves the 
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Fic. 11.—Normal frequency distribution curves are plotted with frequency as the abscissa in order to illustrate the 
derivation of 3-sigma limits used on control charts. The left-hand histogram and curve illustrates 3-signia limits that 
are too wide, the value of sigma computed from moments being too large because of trends in the level of the 100 consecu- 
tive daily densities. For the two curves on the right, 3-sigma limits derived from 3-day range of density are indicated. 
They illustrate the relation between 3-sigma limits for individuals and for subgroup sample averages. 


use of three consecutive daily density values from a 
particular furnace as a subgroup sample. It is possible, 
then, to know in advance, when trouble occurs, that the 
cause will most likely be found in the batch house. 

Twoother methods are illustrated in Table II,columns 
(6) and (7).. One of them, a subgroup sample of two 
consecutive days on three furnaces (n = 6), is unsatis- 
factory because it includes furnace differences as well as 
day-to-day batch-house variation. Thus the sample is 
stratified (not homogeneous). The other method of 
taking three furnaces on the same batch house each day 
as a sample (mn = 3) is a test of the variability among 
furnaces. This might be useful but the result would be 
obscured by the batch-house variation when it is the 
dominant factor, as in the examples given. A chart on 
both could be run, however, that is, one on m = 3 days 
and one on m = 3 furnaces. In the latter chart, it 
would be necessary to go back to the furnaces to look 
for trouble, if any occurred. 

If the variability of the glass flow or other character- 
istics of a particular furnace is to be tested, the rational 
subgroup would be the densities of all shops taken 
simultaneously (n = the number of shops). 

There are, of course, other possible subgroups that 
would show essentially day-to-day variations in the 
batch house; for example, 3 densities taken every other 
day from the same furnace, 4 densities taken morning 
and night on two consecutive days, and 3 or 4 densities 
taken for the various shifts of a particular day. The 
difficulties with these samples are that the intervals 


(1944) 


represented by the samples are either too long or too 
short to show up the fluctuations characteristic of the 
batch house, if the furnace back log of giass is 50 to 150 
tons. Although more work should be done on the effect 
of sample interval, it is believed that three consecutive 
daily densities is the most satisfactory sample for pre- 
liminary applications of contro! charts. 


(2) Range of Density 


Referring again to the line of best fit in Fig. 1, it is 
seen that if one were to impose an operating specifica- 
tion on density range such that a cord grading lower 
than C+ would not be produced, the 3-day density 
range specification limit would have to be not greater 
than 0.0030.* This would correspond to the upper 
control limit of the range chart. The average range 
would then have to be approximately 0.0012, (0.0030/- 
2.574), and the width of the daily density chart limits 
(0.0020, (+3 X 0.0012/1.693). 

It is interesting to compare the actual ranges and 
limits for all furnaces for which data are given. This is 
summarized in Table III, columns (1) to (5). More than 
one half of the furnaces and plants fall within an average 
3-day range of 0.0013. Plant 5 was deliberately selected 
as an example of high range. The goal of all plants 
should be a 3-day range of density of 0.0012 or less. 


* This conclusion is based on the line of best fit for one 
furnace only; it is not intended to be a final statement of 
fact but merely an illustration of the method. 
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Fic. 12.—Daily density curves for three furnaces in a plant where the poor batch system produced a very wide 
density range. The limits for the erratic batch weighing system are indicated at the margins of the curves. All curves 
have the same central-line density of 2.4938, but the density for the largest furnace, furnace A, has the least variability 
and hence the narrowest limits. Batch changes, which were made in order to correct for scale errors, are shown at the 


bottom of the chart. 


(3) Statistical Character of Density Data 


Reference is made to Figs. 6 and 7, dates December 
10 to March 20. The average density during this 100- 
day period was 2.4942. This is a period of past data 
analysis and the limits have been put on the chart in 
retrospect (as is the case of all charts ahead of the 
period labeled ‘‘extension”). Note the evidence of 
lack of control and the evidence of trends in the density. 
In other words, the daily densities constitute a hetero- 
geneous universe, or rather a mixture of universes; con- 
ditions are changing throughout the period. The value 
of sigma computed by the regular moment method is 
0.0013. The frequency distribution, or histogram, along 
with the theoretical normal curve for m = 100, sigma = 
0.0013, is shown on the left hand side of Fig. 11. The 
3-sigma band is also indicated. But as already indi- 
cated above, this is not the proper 3-sigma band be- 
cause of trends and lack of control in the 100 consecu- 
tive daily density values. The variability, however, 
was under control during this period, as indicated 
by the range chart for the period. Therefore the best 
measure of sigma for the process is the one derived from 
range. This value is 0.0008. On the right-hand por- 
tion of the figure is shown the corresponding 3-sigma 
limits and the corresponding normal frequency distri- 
bution curves for both individuals and subgroup 
averages. 


(4) Density vs. Chemical Analysis as a Method of 
ontrol 

In general, a change of 0.001 in density indicates an 
approximate 0.1% change in any one constituent.* 
Now the standard deviation of the plant laboratory 
measurement of density on a particular sample is 
probably about 0.0002, while for chemical analysis it is 
probably about 0.10 to 0.20% for scme constituents. 
Thus it is obvious that density is the. more sensitive 
method. Another way of looking at this is to compare 
the density control limits of +0.0020 to +0.0030 for 
most furnaces with the equivalent oxide limits of =0.15 
to +0.25%. It is seen that the control-chart limits for 
density, which include measurement errors and all 
other variations in the process, are not much wider than 
the probable error of a chemical analysis in a plant 
laboratory on a particular sample. 

In Fig. 7, on the daily density curve for the period 
June to July, the crosses indicate densities computed 
from chemical analyses. The spread is much wider 
than that of the actual, measured density. Since 
density difference factors were used, and the use of 
absolute values thereby avoided, this discrepancy can- 
not be accounted for by errors in the factors. The 


* See reference (1) p. 386; these relationships for various 
oxide additions or replacements can easily be derived from 
the Yy factors given in Table IV, p. 263, of reference (2) . 
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Taste III 
DENSITY VARIABILITY IN SIx PLANTS AND TEN FURNACES AS MEASURED BY 3-Day RANGE oF DeNsrry 
qa) (2) (3) (4) (5)* (6)t (7) (8)t (9) 
Avg. 3-day Width Approx. 
Plant and Fig. range of SiO: Cord Relative Batch-house 
furnace No. Periods (®) limits -equivalent quality size equipment 
2A 10 July—Dec. 0.0006 0.0011 0.09% Good Large Good 
3A 8 Sept.—March 12 21 .19 Fair Large Modern 
3A ) April-June ~- Q 16 .12 Good Large Modern 
6A Jan.—April 12 21 .19 Good Large Modern 
1B 6 and 7 Dec.—June 13 22 .20 Poor Large Poor 
1A 4 and 5 Jan.—June 15 27 .21 Fair Small Poor 
4A 2 and 3 April—Aug 13 22 .20 Fair Large Fair 
4B 2 and 3 ry ‘4 16 28 -22 Fair Small Fair 
5A 12 Feb.-May 18 32 .25 Poor Large Poor 
5B i2 23 40) Poor Medium Poor 
5C 12 23 40 Poor Small Poor 


* Daily density measurements (individuals). 


+t 0.10% SiO, replacing CaO is approx. 0.0013 decrease in density. This is a maximum value; other composition 


changes or replacements give somewhat less density change. 
t As compared with other furnaces on same batch plant. 


method is as follows: Compare the analytical report 
with theoretical analysis and determine the composition 
difference; then use the density difference factors, to 
which reference has already been made, for computing a 
density difference from the composition difference, and 
apply this difference to the central line density.* Be- 
tween June 19 and June 26, the actual density increased 
from 2.5006 to 2.5024, while the computed density de- 
creased from 2.4988 to 2.4960. This illustrates the 
difficulties in using chemical analysis as a method of 
control. Its best use would seem to be as a trouble- 
shooting tool to locate assignable causes when they occur 
on a density control chart. Even here, however, pres- 
ent experience indicates that the first thing to do is to 
go to the batch house and check the scales. 


(5) Comments on Utility and Limitations of Control 
Charts 


In Fig. 12 is an example of a situation where some- 
thing more fundamenral than a chart is needed. The 
limits on the right-hand margins of the curves are 
representative of the typical variability after throwing 
out a lot of obvious mavericks. It would do no harm to 
use the limits and try to establish control but it prob- 
ably wouldn't do much good either. Assignable causes 
are so obvious, and occur so frequently, and trends are 
so pronounced, that the yardstick of 3-sigma limits 
vields little additional information. This argument 
might be applied to all charts, but the author’s opinion, 
supported by the experience of those who used the charts 
shown, is that the 3-sigma criteria are well worth the 


*In using density difference factors for computing a 
density difference, care has to be taken at the start that 
the algebraic sum of all composition differences is zero. 
It will be zero, of course, if both the theoretical composi- 
tion and the laboratory report on the sample at hand total 
100.00%. Many laboratury reports, however, total 
99.81% or some such figure. This error alone can give a 
density discrepancy wider than the control limits. Under 
these circumstances, it is known immediately that the 
analysis is wrong or at least is merely an approximation. 
In using this kind of laboratory report for density calcula- 
tions (a doubtful procedure), it is necessary to adjust the 
total to 100.00%, making the adjustment in SiC,, unless 
there is good reason to make it elsewhere. 
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simple arithmetical work necessary to install them. 

The time required for past data analysis is about one 
day for each furnace. The plotting of points on a cur- 
rent chart used for control purposes requires about ne 
minute each day; and notation, adjustment, and re- 
view require about one day each month. The simple 
daily density chart as used in many laboratories can 
easily be made into a control chart; it is merely a mat- 
ter of adding a range chart and inserting central lines 
and limits. The use of the composition and ware-grade 
charts is not an essential part of the density-control 
method; they are included merely as an aid in studying 
related quality characteristics. Some plant laboratories 
plot the composition of all ingredients. For simplicity, 
only silica and lime have been shown in the figures in 
this paper. 

Present experience indicates that control charts are a 
practical and valuable aid to the plant and manage- 


ment. 
Vill. Summary 


(1) Statistical control charts are practical, and can 
be applied advantageously in glass plants to glass den- 
sity data for (a) analysis of causes of variation, (b) 
maintaining a state of statistical control during current 
production, and (c) keeping lack of control within 
tolerable limits. 

(2) The dominant variability and the cause of many 
unusual variations in density lie in the batch house— 
often in the scales. 

(3) A subgroup sample consisting of three consecu- 
tive daily densities from a particular furnace is the 
most useful sample for control purposes. 

(4) An average 3-day range of density of not more 
than 0.0012 is a reasonable goal for any plant; 0.0006 
is excellent and 0.0009 is good performance. 

(5) The average range of 3-day subgroup samples 
is a powerful aid in studying related quality char- 
acteristics. 

(6) Chemical analyses are usually less precise than 
density measurements and can best be used only for 
trouble-shooting purposes. 
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for particle-size measurements, (11) 320-21. 
for permeability, casting rate, and water re- 
tention of clays, (4) 99-100. 
for semimicro-determination of stones and 
cords in glass, (5) 141. 
viscosimeter for thixotropy tests, 
viscometers, viscosimeters. See Vis- 
cosimeters. 
for volume-expansion tests on cristobalite, 
(10) 287; expansion bulb and thermo- 
couple, photo, rg of furnace and ex- 
pansion bulb, (10) 2 
for water-film thickness of plastic clays, 
mold cross section, (3) 78. 

Arkansas clays. See Clays, high-alumina. 
Arrhenius exponential law for viscosity of 
suspensions vs. concentration, (5) 151. 
Autoclaves for Gonies durability of glass 

bottles, (2) 54 

steam tests on talc-pyrophyllite bodies, 
tables, (12) 356. 

test results on cease for low-temperature 
vitreous ware, (12) 364. 


Balinkin equation for evaluation of small over- 
all color differences, (6) 166 
Barium chloride—H:0O, equilibrium system, 
diagram, (1) 21; BaCle-MgCls, equili- 
brium system, diagram, (1) 23. 
Barium fiuoride—BaCl:, equilibrium system, 
diagram, (1) 23. 
Barium orthosilicate, s wo tables, and 
reaction test, (7) 2 200-201 
Batch, glass. See Glass, bathe” 
Batch stones in glass. See Glass, cords and 
Stones; Stones. 
Bausch and Lomb Optical Co., option glass 
‘ types and characteristics, (6) 190. 
Bibliography of chemical reactions, (1) 23-24. 
of equilibrium systems, (1) 24. 
glass, devitrification and stone develop- 
ments, (11) 350. 
Bisque bodies and glazed semivitreous ware, 
moisture-expansion studies, curves, (12) 
Blisters and coloring material in bottle glass, 
ee, detection, photomicrograph, (11) 


Bottles, glass. See Glass, bottles; Stones. 
Brewsterian angle, apparent, Pfund method 
for determination, (5) 145. 
Brucite megnesia, sources, of 
Brucfic lime product, uses, (1) 8- 


funnel vs. method for 
casting slip, (4) 111 


Calcination of topaz ore in rotary kiln, (6) 
181-85. 


chioride-H:O, equilibrium system, 
diagram, (1) 20. 

Calcium chromate, thermal decomposition, 
reactions, (6) 169. 

permeability method, rate of flow, 

e hydrometer method, (11) 


characteristics of clays, improved 
methods, (4) 97; see also Slips. 

Catapheresis of purified, fractionated kaolinite 

ultramicroscopic method, (4) 


Ceramic ware, classy. ym. method of de- 
termination, (2) 4 

Charts, statistical be for daily density 
measurements of glass, (12) 373-87. 

Chemical reactions. See Reactions. 

Chinaware, hotel, and semivitreous dinner- 
ware, body composition, glaze coherence, 
and receptivity test data, (7) 211-13; 
see also Dinnerware; Vitreous ware. 

Chrome-corundum, FeO and MgO additions, 
effect of CrzOs-AlzOs content, curves, {11 
329; effect of varying CriO: and M 
fused with AlsOs, (11) 329 

fusion studies, effect of varying MgO and 

SiOz, curves, (11) 328; effect of adding 
TiOsz, (11) 328. 

Chrome-lime, mixtures, colors when calcined 
s. various atmospheres, diagram, (6) 

Chrome cre, mineral composition, (11) 327. 

Chrome refractories, effect of chemical and 
thermal treatment, (11) 327. 

system, colors developed in, (6) 


Chromium oxide-Fe:Os, X-ray studies, (6) 


Clay plants, operating pits, thermal 
of clays, control method, (3) 65 
Clay stones. See Stones. 
Clays. See also Kaolin. 
ball, for slip casting, effect of electrolyte 
content, curves and data, (4) 109-11. 
ery characteristics, improved methods, 
(4) 97 
clay-flint-feldspar bodies, moisture-expan- 
sion data, (12) 357. 
clay minerals, kaolinite, hydrated halloy- 
site, illite, and bentonite, thermal reac- 
tions, curves, (3) 67. 
clay minerals, — forms and synthetic 
mixtures, method for differential thermal 
analyses, (3) 65. 
clay suspensions, flow properties of kaolin- 
ite-water suspensions, (5) 149. 
clay suspensions, for study of cataphoretic 
velocity of purified fractionated kaolinite 
particles, (4) 116. 
for common brick, thermal curves, (3) 75. 
for enamel sli ee and chemical 
properties, (9) "253-54; carbon content 
and opacity data, (9) 257. 
in enamels, fired, properties. (9) 257-58. 
fundamental studies, nature of water film 
in plastic clays, V, (3) 77; flow properties 
suspensions, VI, (5) 
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Clays (continued) 
ia, thermal curves for bac-xitic kaolin, 

soft, hard, and eo kaolins, and fuller’s 
earth, (3) 71-73. 

German glasspot, thermal curves, (3) 73. 

gibbsite, bcehmite, diaspore, quartz, cal- 
cite, dolomite, and gypsum, thermal reac- 
tions, curves, (3) 68 

for glazes, base-exchange capacity vs. co- 
herence value, curve, (7) 219. 

high-alumina, Ark., location and descrip- 
tion of deposits, (8) 246; chemical 
analyses, geologic history, and avail- 
ability, (8) 247-49. 

hydrogen-ion vs. NaOH concentration, 
curves, (9) 254. ; 

Illinois, thermal curves for kaolin and fire 
clays, (3) 71, (3) 73-74. - 

Missouri burley flint and ow fire clay, 
thermal curves, (3) 71, (3) 73. 

natural, thermal curves, (3) 71. 

Ohio, thermal curves for flint, bali, and fire 
clays, (3) 71, (3) 73. 

organic materials and minerals in, clarain, 
vitrain, limonite, marcasite, pyrite, and 
— thermal reactions, curves, (3) 


permeability, casting rate, and water reten- 
tion, test apparatus, (4) 99-100. 

settling tests, maximum particle-diameter 
data, (9) 255. . 

and shales, differential thermal analysis. 
(3) 65; thermal curves, vertical scales 
for temperature-difference data, (3) 67, 
see also Shales. 

for slips, drier for moisture compensation 
and stirrer, (4) 99. 

for slips, enamel, general properties, (9) 253. 

in slips, single men and in combination, 
properties, (9) 258-60. 

synthetic mixtures, thermal curves, (3) 70. 

Tennessee ball, for glaze slips, coherence and 
surface-tension values, curves, (7) 205- 


sagger and wad, thermal curves, 
) 72 
Texas, for glaze slips, coherence and surface- 
tension value curves, (7) 205-206. 
water film in, simple clay—water system, 
——— thickness and stability tests, 
(3) 77-79. 
X-ray patterns, (9) 254. 

Clayware, clay-vermiculite bodies, effect of 
temperature on pi ies, thermal-ex- 
pansion data at cone 08, tables, (2) 52. 

dust-pressed and plastic processes for bodies 
with vermiculite as raw material, pecon. 
eo and comparison of bodies, table, (2) 
qd 1. 

structural, thermal-conductivity and sound- 
absorption measurements, effect of ver- 
miculite in, (2) 50-51. 

Cleaner solutions, ‘‘activity factor” or ‘‘avail- 
able alkali’’ formulas, (3) 90; available 
calculated percentage daily results, 
(3) 92 

alkalinity and sodium hydroxide content, 
formulas for calculation, (3) 91-93. 

for enamel industry, test methods, soap test 
and free alkali and soluble soap test, (3) 
90-91; sheet cleaning, cleaner strength, 
available alkalinity and soap and free- 
alkali tests, (3) 93-95. 

Cobalt oxide with NirOs and MnO: in enamels, 
effect on metal precipitation at ground 
coat-iron interface, (11) 350-51. 

Coherence values for slip glazes. See Glases; 


Slips. 
Colors, brown, composition and reflectance 
measurements, (6) 173-74. 


Cochiing porcelain enameled (continued) 
units on hot plate, and electrical wiring 


equipment, (4) 114-15. 
in enamels. See Enamels. 
Cor a body, glaze-fit, composition, (8) 


Cordiness in glass, refined method of preduc- 
tion control, (12) 373. 

Cords and stones in glass. See Glass, cords, 
cords and stones; Stones. 

Corning Glass Works, optica! glass types and 
characteristics, ‘6) 190. 

Cristobalite, expansion measurements, heat- 
ing and cooling cycles, (10) 289; hys- 
teresis effect of inversion and Session 
temperature and volume change, (10) 

90; expansion test samples, proper- 
ties, and inversion data, (10) 290-91. 
and tridymite as source of stones in bottle 
glass, (11) 343; cristobalite and devitrite 
as source, (11) 346-47. 
volume expansion in low-to-high inversion 
change, (10) 285. 
» topochemically disordered, (10) 312. 

Cullet for glass. See Glass, cullet. 

Cup-casting rate determination for tests on 
casting slips, (4) 102. 


Debye and Hiicke! formula for particle con- 
centration, (4) 117. 

Decomposition, thermal, effect on reactivity 
in magnesium formation, (10) 313. 
Definitions, cords in glass, meaning to work- 

men, packing room, laboratory, and 
optical industry, (9) 260-61. 
dielectric constant, equation for, (2) 34. 
differential shrinkage, (11) 317. 
dispersive power, (6) 189. 
electrical terms, (6) 180. 
glossary of symbols and terms for density 
measurements of glass, (12) 375. 
hue, (6) 165. 
(6) 166. 
ightness, (6) 165. 
otoelastic constant, (3) 87. 
power factor and Q factor for dielectric 
body, (2) 34. 
refractive index, (6) 189. 
saturation, (6) 165. 
specific shape factor, (11) 317. 
steatite, derivation and formula, (2) 33. 
stress-optical coefficient, (3) 87. 
thixotropy, (5) 154. 
units and symbols for study of flow of sus- 
pensions, (5) 150. 
Density of glass. See Glass, density. 
Devitrification of alkali-iead oxide-dolomite 
lime-silica glasses, (3) 81. 
Devitrification stones in glass. See Stones. 
Devitrite and cristobalite as source of stones 
in glass, description and photomicro 
graphs, (11) 346-47. 
Dictionaries, cited, applied physics, (6) 190. 
chemical solubilities, (1) 23 
inorganic chemical reactions, (1) 24. 
Dielectrics, dielectric constants and loss factor 
in glassy bodies, tables, (2) 37. 
dielectric materials, effect of humidity on 
power factor, data, (6) 177. 
dielectric properties of 
ceramics, effect of humidity, factors 
affecting, (6) 175-76. 
steatite, crystalline and glassy phases, (2) 


33. 

Differential thermal analysis. See Thermal 
analysis. 

Dilatometer for tests on volume expansion of 
cristobalite, (10) 287. 

ware. See also Chinaware; Glases; 


Pp e, 


in ceramic glazes, effect of firing at 
6) 165 
color equivalents in flint glass, with and 
without tint plate, (3) 87. 
designation, hue, lightness, saturation, 
definitions, (6) 165. 
of glazes, measurement, process, (6) 168; 
see also Giazes. 
green, for ceramic glazes, data and curves, 
(6) 168-71. 
hue and saturation, color diagram for re- 
flectometer data, (6) 166. 
pink and maroon, compositions and effect of 
firing atmosphere, (6) 174-75. 
yellow, compositions and reflectance meas- 
urements in various firing atmospheres, 
curves and table, (6) 172-73. 
Container glass. See Giass bottles; Glass con- 
tainer. 
Cooke triplet | ens, diagram, (6) 192. 
Cooking ware, porcelain enameled utensils. 
tentative standard solubility tests of 
E. U. M. C., diagrams of solubility ap- 
paratus, punch ana die, position of test 


Vitreous ware. 
glazes, strontia substitutions in, (8) 234. 
glost, kiln refractories for firing, (9) 282. 
Diopside, additions in wall-tile y; effect, 
firing and thermal-expansion data, curves, 
glaze trial results, and absorption and 
moisture expansion of bodies fired at 
different P.C_E., (11) 324-26. 
as source of stone in bottle glass, descrip- 
tion and photomicrographs, (11) 345-46. 
on constants and specific dispersion 
syameets, diagrams and equations, (1) 


Earths, fuller’s, Ga., thermal curves, (3) 73. 

Eastman K Co., optical glass types and 
characteristics, (6) 190. 

Einstein theoretical law for suspension of 
spheres, (5) 151. 

Electrical data on steatite dielectric test 
bodies, (2) 37. 

Electrical porcelain. See Porcelain. 


mesiriee in casting slips. effect on kaolin 
ball-clay cqntent, curves, (4) 107- 
108, (4) 110. 
effect on permeability of kaolin in casting 
slips, curves, (4) 100. 
in = slips, effect of NasCOs, curves, (7) 


Enameled Utensil Manufacturers’ Council. 
See Cooking ware. 

Enamels, abrasion resistance, abrasion indices 
of commercial bodies, visual ratings, and 
effect of SiO: content, (12) 367-68. 

adherence mechanics, effect of manganese 
dioxide on metal precipitation at ground 
coat-iron interface, (11) 350-51. 

clays for, carbon content vs. scattering co- 
efficient of fired enamel, curve, ‘9) 256; 
carbon content and opacity data, (9) 257. 

cleaner solutions, test methods, (3) 90. 

commercial, abrasion-resistance tests, (12) 
367-68. 

copperheads in, effect of solubility tempera- 
ture coefficient, (2) 50. 

cracking tendency, effect of shrinkage and 
film drying behavior, (1) 26. 

vs behavior, effect of soluble salts, (1) 
17. 


enameling iron, sheet-cleaning tests, cleaner 
strength and available alkali tests, (3) 
91. 

films and film strength, cracking tendency, 
effect of soluble salts, (1) 25-26; film 
drying behavior and shrinkage character- 
istics, (1) 26; packing ¢ensity, effect of 
tearing, (1) 29; firing effect, (1) 31. 

fired, clays in, properties, (9) 257-58. 

frits. See Frits. 

glass coatings on steel, absence of plastic 
flow in, studies, (11) 352. . 

iron oxide solubility, batch composition, 
effect of composition and temperature, 
(2) 46; batch weights and oxides, effect 
of composition, table and curves, (2) 
48-49. 

metal-cleaning solutions. See Cleaner 
solutions 

metal precipitation in, effect of cobalt and 
nickel on fired ground coats, (11) 350; 
at ground coat-iron interface, effect of 
manganese dioxide, (11) 350. 

mill liquors, soluole salts in, properties, 
(1) 17; physicochemical behavior and 
possible chemical reactions, (1) 21 ~22. 

opacity, vs. carbon content, for enamel slips, 
(9) 257. 

porcelain, abrasion resistance, (12) 366. 

- solubility test for cooking ware, 
(4) 113. 

reflectance dala, cect of carbon content 
and opacity of clays for, ‘9) 257. , 

sheet-steel grounc-coat, colubility of iron 
oxide in, effect of composition and tem- 
perature, (2) 46. 

shrinkage and film drsing behavior, effect 
on cracking tendency, (1) 26. 

silica content, effect on absasion resistanc, 
(12) 367-68 

slips, application of studies on clay, water, 
and electrolyte systems, (1) 25. 

slips, clays for, pickup data on frits, dia- 
grams, (9) 256-57; single clays and com- 
bined, properties, (9) 259 ; see also 
Slips. 

solubility of iron oxide, batch and base com- 
positions and composition limits, (2) 
46-47; effect of compos!::on on solubility 
of iron and ferric oxides. (2) 49. 

soluble salts in, specific tgpee, effect on 
tearing, (1) 30; see also Soluble salts. 

tearing, visual observations during firing, 
{) $5. packing density of dried ename! 

m, effect, (1) $0. effect of specific salts, 
(1) a relation of variables in, chart, 
(1) 31 
Equilibrium diagrams, liauidus isotherms for 
CaO- MgO glasses, (4) 84. 
phase diagrams of CaOQ- MgO glasses with 
12% and 16% NazO, :3) 
Equilibrium systems, bibliographies cited, 
Hall and Insley and L olt, Bornstein, 
and Roth, (1) 24. 

binary, of soluble salts, primary and 
derived, (1) 22-24. 

possible chemical reactions between soluble 
salts in enamel mill liquors, (1) 22. 

salt-water, diagrams, (1) 20-21. 

ion, apparatus tor tests, expansion 
bulb, thermocouple, furnace, and dila- 
tometer, (10) 287-88. 

cristobalite test samples, ies, (10) 
290; inversion data on samples, (10) 291. 

moisture, of bisque and — semivitre- 
ous bodies, curves, (12) 356-57. 
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Expansion (conti 
moisture wall bodies with diopside 
additions, (11) 326 


Feldspar, coarse- source of stones 
as “107. su ute in casting slips, (4) 106- 


effect on electrical 
(1) 1: data — curves 
istribution, (1) 6 
and talc, 4 te substitutions for, in wall- 
tile body ) 324, 
Ferric oxide X- (6) 173. 
Ferric oxide solubility el glasses. See 
Enamels. iron solubilits. 
Fick’s laws of diffusion, (7) Piaf 
strength of enamels. See Enamels 
Fire-control instruments, glass for, aplanatic 


rties, (6) 192. 

measurements, (5) 145. 
Flint, commercial, icle-size data, varia- 
tions in, effect on electrical porcelain 
body, (1) 1; different grades, mic- 

probability plot, data, curves, (1) 5. 
feldspar as flint substitute in casting slips, 
(4) 106- 


Florida kaolins. See Kaolins. 
Flow of glaze slips, flow-stress curve, (7) 203. 
of suspensions, units and symbols for ants. 

(5) 150; sronee in anisotropic parti- 
cles, (5) 1 echanism, effect of varia- 
tions of concentration, particle size, rate 
of shear, and surface (5) 156. 

Fluor-crown glass, optical properties of, effect 
of variations in composition, (4) 121; 
ae data, (4) 124-25. 
\ effect of B2Os on properties, 


in glass substitute, effect and 


measured properties 
Forsterite, synthesis, table and reaction test, 
(7) 200-201. 


Freezing process, for annealing glass. See 
Glass, annealing. 
equziions for reflecting power of 
enamel, c oA or, up data, 
oetinsss 256; pickup values vs. clay blends, 
curves, (9). 258-59. 
ferric oxide in, effect on refractive index, 
curves, and effect of temperature on 
solubility, (2) 47. 
for low-temperature vitreous ware, batch 
formulas, (12) 360. 
er equation for measuring viscosity of 
ass, and constants for Fulcher equation, 
5) 135-36. 
Fuller's earth. See Earths. 
urnaces. Seealro Kilns. 
atmosphere control for firing ceramic 
colored glazes, diagrams, (6) 166-67. 
for differential thermal analyses of clays 
es shales, photo and wiring diagram, 
electric, for fusion tests on chrome ore, (11) 


electric resistance, for atmosphere control in 
firing colored ceramic glazes, (6) 167. 
for expansion tests on cristobalite, dila- 
tometer, photo, (10) 287; furnace diagram 
and expansion bulb, ( 10) 288. 
glass, assembly diagram for melting-rate 
tests, (8) 225. 
sass, eltect of furnace size on density values, 
glass, refractories failures in, as source of 
stones, photos, (11) 331-37. 
glass, stone prevention in, (11) 334. 
heating chamber for measurement of 
electrical geopertios of steatite dielectrics, 
diagram, (2) 
heating rate, 
schedules, (6) 1 
for viscosity tests on high-tempera- 
ture, diagram, (5) 1 
Fused quartz, glazed porcelain, and plate 
glass, surface vs. relative 
curves, (6) 179. 
in system MgO-FeO-Cr:0;- 
11) 327. 


apparatus for constant 


Georgia clays. Earths. 
Glass, anee values for pure oxides, diagram, 


See Clays; 


alkaii- lead oxide-dolomite lime-silica, devit- 
rification studies, raw materials and 
oxide compositions, (3) 81; composition, 
liquidus temperature, primary 
phases, table, (3) 82; diagrams 
and liquidus isotherms, (3) 84 
alumina in, 
method for, tables, 140-4 
annealing and for 
Adams and Willi ~ & equation, (2, 58. 
annealing, effect on density, (9) 261. 
annealing, freezing meth and discontinu- 
ous freezing process, (9) 271-73. 
annealing, time ling 
schedule, (9) 266-68; time allowance, 
required refractive index, {9) 273-74. 
aplanatic properties lens for fire-con' 
tch for, analysis or segregation, ect 
cullet, (10) 305-306. 
batch, aveuee batch for comparisons, 
effect, (10) 307-308. 
boric oxide in, effect on fluorine taini 
glasses, (4) 126. 
borosilicate thermometer bulb, refractive 
index of glass vs. thermometer read 
change from aging of bulb, curve, (2) 
—_— or alcoholic products, effect on pH 
Aang three years at room tem- 
53; 12) 401. 
chemical dura ility tests, 
pH concentration vs. chemical durability, 
(2) 54-55. 
bottles, spectroscopic studies, metallic con- 
glass vs. Pyrex- 
brand glass, (2) 53 
bottles, stones in. See Stones. 
chemical resistance to HzO and HsSO, with 
M replacements for CaO, (8) 222. 
colored, i isters in, source and photomicro- 
graphs, (11) 348-49. 
lime crystal, devitrification 
studies, (3) 81. 
component changes in, equations for calcu- 
lation, (1) 10. 
composition changes in, effect on refractive 
index, table, (1) 12. 
container, viscosity studies, (5) 129; see 
also Glass, viscosity. 
control-chart method for density analysis, 
375; utility and limitations, 
of discussion and chart, 
cords, cordiness. See also Stones. 
“cold” or ‘‘thermal,”’ (9) 261. 
composition, ee from matrix, 
method, (9) 264 
cord ware, density values, 
(12) 3 
floating vs. Jebsen 
Marwedel 148: 
ipegeed cords, surface energy in, (5) 
mechanical strength and stresses, types, 
(9) 265. 


in pressed and blown ware, properties and 
iagnosis, (9) 260. 

spherical sha _ result of surface ten- 
sion, (5) 14 

and stones in, tall for BaSO, and 
quinolate filtration and micro-oven 
assembly, (5) 141. 

and stones in, separation by semimicro- 
determination method, (5) 138; typical 
analysis, (5) 141. 

>) a density data, interpretation, 

various meanings to workmen, packing 
room, laboratory, and optical in- 
dustry, (9) 260-61. 

——. ridges or waves, cause, (9) 
61. 


and workability, refined control method, 
(12) 373. 
crystals, and pores in ceramic body, effect 
of cone firing and comparison of ished 
specimens and powder mounts, (2) 41. 
cullet additions and raw materials, oon of 
elet size on melting rate, (8) 225 
factory-quarried, as source of stones, 
332; stones in flint culle:, photo, 
) 33 
cullet in, 4 removal, effect and 
errors, screen tests, (10) 306 
density, ‘annealing effect, data, (9) 261. 
calculations, equations and volume-con- 
stant curves, (1) 13. 
changes in, arrangement for 
studies, (2) 6 
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Glass, density (continued) 


vs. chemical analysis as contro! method, 


44. 
effect of furnace size, (12) 382. 
of and terms for meas- 
urement, (12) 375. 
for calculations, (9) 
(9) 263; 


ciple and 
urement, (9) 
level, tolerable limits, composition equiv- 
alents, (12) 383; modified control 
limits, (12) 384. 
range statistical character of data. (12) 


statistical control charts for measure- 
ment, (12) 373. 
thermal history, effect, (9) 261. 
values, for average -sigma limits on 
plant furnaces, table, (12) 377; 
charts, (12) 378-80. 
variability of plants and furnaces meas- 
ured by 3-day range of density, chart, 
12) 379; discussion, (12) 382. table, 
12) 387. 
ume constants and equation for calcu- 
lation, (1) 18. 
constants, equations and curves, 


— (6) 192. 
fire-polished, surface-tension 
apparatus and methods, (5) 145-48. 
fluor-crown, chemical durability, thermal! 
expansion, (4) 127-28. 


fluor-crown, effect of com ition variations 
on optical pastion, (4) 121. 
fluor-crown, of fluorine, alumina, 


AIF :-3'/s Hi0, and oxide on 
tical properties 
substitution for in soda-lime 
, effect, curves, (12) 369-70; aT) 
analysis and measured properties, (12) 
fractional increments, initial, for oxide 
additions to pure silica glass, e)) 16-17. 
g method for annealing process, (9 
pay discontinuous freezing method, (9 


frequency distribution and 3-sigma control! 
limits, chart, (12) 385. 

furnace assembly diagram for melting-rate 
tests, effect of grain size of raw materials 
and cullet additions, (8) 226; see also 


Furnaces. 
on steel, absence of plastic 


glass coatings 
flow in, studies, (11) 352-54. 
homogeneity, measurement of rate, (2) 42. 
examination of 
sections, (3) 85 
indluntons i in, separation method, (5) 139. 


lime, silica, daily density, and 3-day 
of range for ware grade, chart, (13) 


liquidus temperature, effect of MgO sub- 
stitution for CaO, curves, (8) 222. 
magnesia substitution for CaO in soda-lime 
asses, effect on physical properties, (8) 
22; effect on liquidus temperature, vis- 
cosity, and resistence to distilled water, 
(8) 222-24. 
melting rate, effect of grain size and cullet 
additions, (8) 225-31. 
molten, surface tension, relation to per- 
sistence of cords, (5) 143 
Meio) 300. process for high- silica types, 
10) 
optical, acromatic, description, 
tionality, and diagram of cal aiatiedion, 
method, (6) 189-91. 
anastigmat lenses, design, (6) 194. 
“bending” lens, effect on spherical aber- 
ration and coma, diagram, (6) 192; 
effect of cemented surface on astigma- 
tism of lens, (6) 192. 
aberration, proportionality, 
6) 1 
a and dispersive surfaces, (6) 
1 


Cooke triplet lens, diagram, (6) 192.- 

Goerz ;‘Dagor” lens, diagram, (6) 193. 

Kodak “‘Ektar” {/1.5 and Kodak Tele- 
photo Ektar f/3.8, diagrams, (6) 194. 
eral color correction, (6) 190; balanc- 
ing in lens system, diagram, (6) 191. 


has 

as siliea inversions, sluggish and low-to-high distribution curves at various meltin 

bas types, (10) 285. 

Pah thermal, in soda-lime-silica glass, factors 

Ah for calculation, (9) 262. 

volume, of cristobalite in low-to-high in- 

a version, (10) 285. 

Bi 

1) 16. 

as flint, clay stones in, mullite growth, photo- 

1m flint, co uivalents, with and without 

tint plate. 87. 

he fire-control instruments, aplanatic proper- 

if 
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Glass, optical (continued) 
lens, chromatic aberration, calculation of 
separate elements in, diagram, %, 191. 
lens designer's requirements, (6) 1 
Petzval condition, formula, (6) Oo: 
reducing Petzval sum of photographic 
objectives, diagrams, (6) 194. 
refractive index and dispersive power, 
definitions, (6) 189; chart, refractive 
index vs. dispersive ae (6) 191. 
ive factors 
choice, (6) 1 
types in U. S. A., (6) 190. 
constants, density and 
uaticns 


of fluor-crown type, (4) 


optical a. of Vycor-brand type, 
> 
ie con ect on surface tension of 
7) 187. 
oxide em irical formulgs, oxide and atomic 
ai ent bases, (2) 35. 
a toxide substitution for 
O-MgO in soda-lime giass. 
ect and curves, (12) 369-70; chemicai 
and data on properties, 371. 
porous, adsorption of N, curve, (10) 300; 
shrinkage as function of time at varying 
temperatures, flow of water and acetone 
through, curves, (10) 301. 
porous, properties and process, (10) 299- 


in, effect of composition 


hysical 301. 
types, physica’ —— 
Pye vs. chemical 
es ive ex in annealing process, (9) 


refractive index ch equations, effect 
of density and weight, ap 12; refractive 
composition, changes in table, 
—— ive index in optical glass, studies, (6) 


ring-section examination, measuring ap- 
paratus, photo, (3) 88. 
sheet, difference in li transmissions 
through two half fields sheaed against 
analyzer angles, (5) 147 
sheet, light-transmission curves for samples 
of new and old glass and new glass wet- 
dried in air blast, ©) 147. 
ermination method 


silica i 
for, (5) 139; silica filtration assembly 
and tabular data, (5) 141. 

sink-float methods for density measure- 
ments, (9) 263. 

soda- dolomite lime-silica, fluorine and phos- 
substitutions in, effect, 

12) 36 
oon M. estimation by rapid method, (5) 


soda-lime and bottle, stress-optical co- 
efficient, (3) 87. 

soda-lime, grain size of raw materials and 
cullet additions, effect on melting rate, 


(8) 225-31. 
soda-lime, nesia substitution for CaO, 
effect on physical properties, (8) 222; 


effect on upaldus tem ture, viscosity, 
and resistance to distilled water, curves, 

(8) 222-24. 

soda-lime, strontia substitution for CaO, 
fused viscosity and thermal-expansion 
curves, (8) 237. 

soda-lime-silica, homogenizing rate, centri- 
fuge density-spread method, (2) 42. 

soda-lime-silica, surface 
lated, correction for, curve, (6) 1 

soda-lime-silica, thermal expansion, ve 
for calculations, (9) 262. 

soda-silica bottle type, stones in. See 
Stones. 

sodium and fluorine substitutions in, 
AE analyses and viscosity data, 
ium silicate, ch of refractive index 
with composition, (1) 12. 

stones in. See Glass, cords and stones; 
Stones. 

stress vs. pe oe as photoelastic con- 
stant or stress-optical coefficient, (3) 87. 

stress, permenant, vs. ware quality stan- 
dards, (3) 88 

stress in, ring- -section Babinet 
compensator for, (3) 85. 

stress in, working formulas, (3) 87. 

surface tension, ca'culation, methods, 
served-calculated values, (6) 186-88. 

surface-tension measurements, spectral in- 


surface-tension measurements (con- 
tinued) 
tensity curve 0: light source and 
(5) 145; test (5) 146. 
surface tension, oxide content, effect at 
1200° and ,1400°C., (6) 187. 
thermal history, effect physical proper- 
ties, (9) 261. 
thermometers. See Thermometers. 
region, lower limit, (9) 269- 
viscosity, composition i maximum and 
minimum curves, (5) 135-36. 
constants for Fulcher equation and vis- 
cosity temperature results calcuiated 
by least squares method, (5) 136. 
vs. least squares 
softening points, (5) 133. 
measurements b hi h-temperature vis- 
y low-temperature 
viscometer, (5) 135; comparison of re- 
sults, (5) 135; table of results, (5) 137. 
temperature vs. log » data, (5) i87. 
-temperature relations for 


Vycor-bran des, (1C) 290 G) 
10) 301 301 devitri cation, 
chemical durability, operating tempera- 
tures, and lampworking properties, (10) 
302-303; infrared- 


standards vs. permanent 


workability, refined method for control 
during production, (12) 373. 
= Container Association, Standard Test- 
Committee for Ring- 
Section Technique, tentative 
for examinixg and grading 
tainer ring sections, (3) 85. 
Glasshouse stones. See Siones. 
Glassy phase in ceramic bodies, ygpeatieative 
determination, method, (2) 
polished sections = powder mounts, re- 
sults compared, ( 
Glazes. See also Slip 
om and electrolyte additions, curves, 


apparatus, diagram, and 
electrolytic arrangement for constant 
heating schedule, (6) ene. 
autoclave test results, (12) 364 


° bea formulas for frits in plant tests, (12) 


2 and glazed ivitreous ware 


Bristol, raw lead, and fritted lead borosili- 
cate, chemical composition, test results, 
curves, data, (7) 211-13. 

brown, composition, reflectance measure- 
ments and colors fired in various atmos- 
pheres, chart and table, (6) 173-74. 

clays for, base-exchange capacity vs. co- 
herence value, curve, (7) 219 

test method, practical 
uses, (7) 214 

coherence values and body receptivity, 
apparatus, photo, (7) 210. 

— in, effect of firing temperature, (6) 

consistency, control chart, (7) 216. 

for cordierite body, composition and data on 
glaze fit, (8) 233. 

ition limit and deposition constant, 
7) 219-20 

dinnerware, effect of strontia substitutions, 
(8) 234. 

enamels, stains, effect of particle size, (1) 2. 

Florida kaolin in, effect of aging and 
trolyte addition on consistency, curves, 
@) ees Fla. kaolin and flint, effect on 
or rr ency and milling of slip, curves, 

) 


flux-block tests of cones 02 to 01 glazes fired 
at cone 8, photo, (12) a 
glaze-fit problems, (8) 231-33 
glaze- — control, detailed studies, (7) 
; see also Slips. 
oak + ht green, firing atmospheres, chart, 
8; reflectance measurements, hue 
vs. firing atmospheres, ellownene 
htmess data, curves, (6) 169-71; 
physicochemical nature of changes, (6) 


heating schedule, arrangement 
and principle, (6) 1 

impact and chipping at results, (12) 365. 

improved technique and apparatus, (7) 209. 

leadless and low-lead, molecular iormulas 

w-tem ture, m us oO ure 
ting tests, data, (12) 


(continued) 

for low-temperature vitreous ware (cone 01), 
physical properties, tests, (12) 359. 

luster, one-fire, molecular formulas, (2) 63. 

luster, “‘superficial”’ and hard, (2) 62; «cid 
tests, (2) 64. 

milling treatment, curves, (7) ~ 49 

for nephel_ue sycnite bodies, bod 
tions, (12) 359. 

ition in cones 01 and 5 glazes, 

pink and maroon, compositions and effect of 
firing atmospheres, 6) 174-75. 

plant trials on cone 01 low-temperature 

azes, molecular and batch formulas, 


12) 363. 

pottery, one-fired luster, molecular formu- 
las, (2) 63. 

processing and stress devel ents for 
low-expansion bodies and durable low- 


temperature glazes, (8) 231-32. 
raw materials, classification of 

chart of relationships, (7) 215. 
220, for 


te ; 
4 of stress, (8) 


231-32. 


strontia in, molecular formulas and physi 
cal properties, tables, (8) 237. 

strontia substitutions for PbO, CaO, and 

re cone deformation temperatures, (8) 

; fused viscosities, table and photos, 

‘235; thermal-expansion curves, (8) 


thermal-shock test results on plant trials, 
thickness of application, correlation with air 
eability, (7) 207; mechanical dipper 

lor tests, diagram, (7) 208, 
i esand molec- 


(12) 
for vermiculite- = structural clay- 
ware, formula and effect, (2) 51. 
wall-tile, glaze and frit formulas, (11) 324; 
diopside substitutions for feldspar and 
talc, (11) 326. 
water receptivity, Y™ values, and 
thickness, relation, (7) 207-208. 
for whiteware body, flare fit, compositions 
and data on, (8) 2 
yellow, compositions and reflectance meas- 
urements in various fri atmospheres, 
curves and table, (6) 172-73. 
<= kiln refractories, pin chipping, en- 
, structure vs. performance, (9) 282- 


Goers | (6) 193. 
Grain size. See Particle ates 


High-frequency ceramics, dielectric Pe. 
me of humidity, (6) 175-8 


also Dielectrics. 

Horaog of glass, soda-lime-silica, centri- 
fuge ensity spoons technique for 
measurements, (2) 42 

Hu p spatese for calculating glass density, 


Humidity, effect on dielectric pro jes of 
high-frequency ceramics, (6) 175. 

Huater reflectometer. See Reflectometers. 

Hydrogen-ion concentration of alcoholic 
products stored in glass bottles three 
years, test data and ~~ (2) 54; auto- 
clave = tests, roducibility, 
table, (2) 54 ata on a. ucts studied, 
2) 56; correction, (12) 401. 

for particle-size tests, photo, (1) 


soil, calibration curve, (1) 3. 
eter method. See Methods. 


Ice point, changes in, effect of long- time aging 
at constant temperature, (2) 57. 
s for readings in thermom- 


Illinois cla . See Clays. 

Impact ue, formula ‘for low-temperature 
vitreous ware tests, (12) 359. 

Insulators, body composition, glaze cohereace, 
—- and receptivity test data, (7) 
ll 

common solid types, surface resistivities, 

(6) i179. 


G 
{ 
(1) 10-11. 
optical propertics, 
124-25 4 
variables, 
positions, 
4 a2 ulas, (12) 
36K mo ar as and glaze pr ae 
st 
300. 
prapestion, changes 
changes, (1) 10 
= | 
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version of cristobalite, volume in 
low-to-high inversions, (10) 285 
enameling, sheet- cleani 


test. (3) 
seeage and available alkali test, (3) 


Iron ride, in, ‘sulfate’ oxide + 
1) lime and “‘oxalate” oxide + lime, (10) 


Joule’s equation for drift in ice-point readings 
thermometers, (2) 57. 
pate, = unit of color difference, definition, (6) 


Kaolinite, clean monod fraction, 
characieristics, correla between oxy- 
kaolinite sheet and in ice, 
jagram, ( 
migration VJ vs. le size, and per- 
cqntnge of clay, curves, (4) 119, 
NaOH concentration, effect of migration 
Mrmr id and zeta potential, curves, (4) 
particles, charge density and total 
charge, (4) 1 
particles, forces. ‘acting between, calcula- 


purified, fractionated particles, cataphoretic 
velocity, ultramicroscopic method, (4) 


116. 
Kaolinite suspensions 
surface, 
te-water suspe ons, ow properties, 
(5) 149; data from modified Mac Michael 
viscosimeter, (5) 159-63. 
viscosity vs. volume concentraticn of solids, 
relation, (5) 152. 
olins. See also Claeys. 
in casting-slip bodies, test methods, (4) 
97-111: see also Slips, casting. 
Florida, a Oe time and electrolyte addi- 
ect on glaze consistency, curves, 
Florida, dialyzed fraction, relation of pres- 
sure to shrinkage, percentage of water, 
water-film thickness, and repulsive forces 
between particles, table, (3) 79. 
Kilns. See also Furnaces. 
glost kiln refractories, pin chipping, pre- 
vention, (9) 282. 
. calcination of topaz ore, (6) 181; 
diagram, (6) 184. 
Kinetics, reaction rates, equation, (10) 310. 
| Ektar lenses, diagrams, (6) 194. 
equation, rate of flow, 
9 


Kyanite kyanite brick. See also Refractories; 
Topaz. 

brick with raw t bonding-action tem- 
perature, (9) 7. 

and kyanité-topaz bodies, volume expan- 
sion and porosity, curves, (9) 276 

raw and calcined, raw topaz as high-tem- 
perature bond, (9) 275. 

topaz bodies, porosity, volume 
and specific gravity, curves, (9) 2 

-topaz bodies, bonding-action 
effect on compressive strength, study and 
curves, (9) 278 

-topaz brick, standard-size, load tests, 
preparation and curves, (9) 279-80; 
eye vs. high-temperature load tests, 
( 

2 superduty refractories, 


Aer verage diameter and 


topaz in, raw to: as bond, chemical analy- 
and composition, (9) 275; 
retention of decomposition ucts in 
calcined kyonite, curve, (9) 277-78. 


Larnite (a-) and shannonite (8-), synthesis, 
oer data, (7) 200; reaction tests, 
Laws, Fick’s law of diffusion, (7) 197. 
Stokes’, for particle measurement, (1) 3 
Lens. See Glass, optical. 
» Squires, and Broughton formula for 
viscosity measurements, (5) 135. 
Lillie formula,’aperiodic method for viscosity 
calculation, (5) 134. 
Lime vs. magnesia, separation process, (1) 9. 
Lime-chrome mixtures, colors of, calcined in 
various atmospheres, (6) 168. 
Limestone, brucitic, description and process- 
ing. (1) 8. 
er glazes. See Giaszes. 


MacMichae! viscosimeter Wow} data on 
various suspensions, (5) 158-63 
esia, granules, washing and drying 
process, (1) 9. 


(continued) 
limestone, separation (1) 9. 
in soda-lime glasses as Ca substitute, effect 
on physical properties, (8) 222; effect on 
liquidus temperature, viscosity, and re- 
sistance to distilled water, eurves, (8) 222- 


4. 

Magnesia spinels, reactions with alkaline 
cont ee in solid state, (7) 

Magnesioferrite, synthesis, otokes data, (7) 
200; reaction tests, (7) 20: 

Magnesium chloride—H:0, sys- 
tem, diagram, (1) 21. 

Magnesium chromite, formation from mag- 
nesia and ferrous Ser thermal-de- 
composition curves, (10) 3 

Magnesium sulfate A. sys- 
tem, (1) 2 

Manganese 8 gle effect on metal 
Precipitation at ground coat-iron inter- 
face, (11) 350. 

Metal stones in flint bottle glass, source 


Methods, air separator, for steatite-talc 
particle-size measurements, (11) Fact 
correction, (12) 401. 

Andreasen pipette, for particle-size tests, 
A measurements of steatite talc, 
Bichner funnel vs. cup-casting, for tests on 
clay slips, (4) 111. 
Carman, for permeability, fin) 318. 
Casagrande hydrometer, for particle-size 
measurements of steatite talc, (11) 320 
for cleancr solution tests, soap test and free 
alkali and soluble soap test, (3) 91. 
Fresnel’s reflection laws, Piund method, 
and prism method for determining fire 
polish on sheet glass, (5) 145. 
Fulcher equation Ee ‘or measuring viscosity of 
glass, (4) 135. 
glass, for cordiness and workability control 
in production, (12) 373. 
prism, for determination of fire polish on 
sheet glass, (5) 145. 
semimicro-determination of silica and 
alumina, (5) 139-40. 
sink-float, for density measurements, 
(9) 263. 
soda in, rapid estimation, (5) 148. 
tentative standard, of examining and, 
glass-container ring sections, 


Harman, for clay-slip permeability, (4) 99. 
hydrometer, A.S.T. a? standard method 
analysis of soils cited, 
) 
ae, for particle size of tatc, (11) 


hydrometer vs. pipette, com , loga- 
rithmic-probability plot, (1) 4. 

Kozeny equation of 1) 319. 

Lewis, Squires, and Broughtor ormula for 
measurement of vinsealty, (5) 135. 

Lillie formula, aperiodic — for vis- 
cosity calculation, (5) 13 

semimicro-determination Si stones and 
cords in glass, (5) 138. 

sieve, vs. sedimentation, ad particle-size 
tests on nonplastics, (1) 3 

soap test and free alkali soluble soap test 
for cleaner solutions, (3) 9 

temperature gradient, for 
tures, studies on Na:0-C 
PbO-SiO2 glasses, (3) 81. 

Turnbull and Ghering, for measurement of 
centrifuge density spread in soda-lime- 
silica glass, (2) 42. 

ultramicroscopic, for velocity 
of purified, fractionated kaolin, (4) 116. 

viscosity, least squares calculations of 
softening points, (5) 133. 

Microscopes, polarizing, and quartz wedge for 
examination of glass-container ring sec- 
tions, (3) 88-89. 

Mill liquors, enamel, soluble salts in, basic 
physical characteristics, (1) 18-19; pyro- 
chemical behavior, (1) 21-22; effect on 
_ strength and tearing tendency, (1) 


Minereis, alkaline earth orthosilicates, optical 
properties, (7) 199. 

clay, and nonclay. See Clays, clay minerals. 

— compounds, synthesis, data, (7) 


spinels, simple synthetic types, properties, 
Missouri clays. See Clays. 
Moisture expansion of bisque and glazed 
semivitreous bodies, curves, (12) 356- 57. 


of wall-tile bodies with diopside — 
fired at different P. C. E., (11) 3 


for settling velocity of parti- 
cles 
— process for high-silica glass. See 
SS. 


Nepheline syenite, particle-size data, (1) 5. 

Nepheline syenite bodies, compositions, cone 
01 shone for, (12) 359. 

Nepheline stones in source, analysis, 
photo, (11) 334 

in flint glass, photo and data, 

New York diopside for wall tile, (11) 324. 

Nickel oxide with CosO; and MnO: in enam 
effect on metal of grou 
coat-iron interface, (11) 350-51. 


Ohio clays. See Clays. 

One-fire luster glazes. See Glases. 

Optical constants, density and refractive 
index, changes im, equations for calcula- 
tion, (1) 10. 

fee of Buc optical. 
cal pro es of fluor-crown 
of a teen in composition, (4) 121, 


(4) 124-25. 
of orthosilicates,; (7) 199. 
of Vycor-brand , (10) 304 


Orthosilicates, alkaline earth, reactions of 
magnesia spinels, (7) 197; > of 
orthosilicates and ent (7) 198 

diagrams, (1) 20-21, (1) 23- 


Oxides, refractory, suboxide — conver- 
sion at high temperatures, (10) 293 


Particle size (grain size), Andreasen peste 
method, instructions for use, (1) 2 
measurements of steatite talc, (1) 320. 

of flint, commercial, (1) 4; of different 
grades of flint, feldspars, and nepheline 
syenite, (1) 5. 

of fiint, effect on ball clay in slips, (4) 108; 
see also Slips, casting. 

of flint and feldspar, effect on electrical 
porcelain, (1) 1; of flint, feldspar, and 
fractions, previous studies, (1) 


hydrometer method for measurement, 
A.S.T.M. procedure, (1) 2. 
hydrometer vs. pipette eee. logarith- 
mic-probability plot, (1) 4 
particle shape and differential shrinkage of 
steatite-talc bodies, (11) 3 
of raw materials and ae additions to 
soda-lime glass, effect on melting rate, 
(8) 225. 
of steatite-talc, methods for determination, 
(11) 320; correction, (12) 401. 
cucprnctin’ media, effect on settling rates, 
cles, cataphoretic velocity of purified 
and fractionated kaolin, ultramicroscopic 
method, (4) 116. 
odic tables tor systematic classification 
of dielectric properties, (2) 38. 
Permeability, Carman and Kozeny methods, 
(11) 31 
of slip-casting clays, apparatus for tests, (4) 


Petzval condition in optical lenses, formula, 
(6) 193; means for reducing Petzval sum 
of photographic objectives, (6) 194. 

Pfund method for determining apparent 
Brewsterian angle vs. angle calculated 
from index of refraction of glass, (5) 145. 
se diagrams. See Equilibrium diagrams; 
Equilibrium systems. 

Phosphorus pentoxide as substitute for SiO: 
and CaO-Mg0O in soda-lime glass, effect 
and curves, (12) 369-70; chemical 
senyds and measured properties, (12) 


Picrochromite, synthesis, tabular data, reac- 
tion test, (7) 200-201. 
Pin chip . See Saggers. 

Pipette t method for particle size. See Methods, 
Andreasen pipette. 
Pittsburgh Plate Glass Co., optical glass types 

and characteristics, 190. 
water film in, nature of, 
3) 


Plastic flow in glass coatings on steel, tests on 
absence of flow, (11) 3 352, 

Polarizing microscope for examination of 
glass-container ring secticns, photo and 
method, (3); 88-89. 

Porcelain, body composition, glaze coherence, 
and ag test data, (7) 211-13. 

electrical, feldspar in, injurious effects on 
dielectric properties cited. (2) 33. 


In 
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Porcelain (continued) 
electrical, flint and f in, effect of 
particie-size variations, (1) 1. 
high-frequency, effect ‘of humidity on 
dielectric properties, (6) 175. 
vs. steatite, factor vs. tempera- 
ture, curves, (6) 17 
lain Enamei tnstitute, acid-resistance 
test, method, (12) 367. 
glass. See Glass, porous. 
Pottery, glazed, one-fire luster, practical pro- 
duct and decorative techniques, (2) 


62-64 
Prism method for determining fire polish on 
sheet glass, (5) 145. 
Pyrea-brand glass. See Glass, Pyres-trand. 
Pyrometric gue equivalent ot silica fire clay, 
yt se clay quality and fineness of grind, 
Pyrophyilite-tale bodies, moisture-expansion 
data at various exposure conditions, 
tables, (12) 356. 


Quarts, grein cise, effect on body contraction 
and expensien, previous wart cited, (1) 


effect react 
in SOs, air, and 10) 


(11) 342. 


and Merwin diagram, MgO-Al:Os, 
cited, (11) 327; curve, (11) 329. 
Reactions, AgsHgl,, mechaaism of formation, 
diagram, (10) 311. 
chemical, Potential of a (1) 23-24. 
chemical tentia diffusing partictes 
during, (10) 309 
mio. treatment for reaction cate, (10) 


topochemical factors in, influence, 
(10) 311-12. 
diagram and equation, 
reaction mixtures, increased adsorption, 
curves, (10) 315. 
reaction products, fresh, expanded lattice 
data, (10) 311. 
simple additive, course of, period of primary 
reaction, (10) 314 
bet 308 solid topochemical factors, 
in ae state, rate-determining factors, (10) 


Receptivity data for slip glazes. See Glases: 


Reflectance, measurements of green, yellow, 
brown glazes, effect of various 
atmospheres, (6) 170. (6) 17%, (6) 174. 
Reflectometer, Hunter, for color measure- 
ment of glazed surfaces, use, (6) 168. 
Refraction, refraction constants and s 
refraction 1 diagrams and equa- 
tions, (1) 14-15 
Refractive index of glass, calculstion of 
changes in, equations, (1) li; vs. com- 
position changes, table, (1) 12. 
Refractories, brucite magnesia for, source, 
processing, and uses, (1) 8-10. 
clays for. Clays. 
fusion-cast, with high-chrome ore content, 
tests, (11) 327. 
fusion experiments MgO-FeO- 
CreOs-AlzOs, (11) 
glost kiln, pin FP cause and ven- 
tion, linear expansion curves, (9) —84. 
high-grade mullite-type, to ore as sub- 
stitute for India kyanite, (6) 181. 
Illinois plants, thermal! analyses of fire clays, 
curves, (3) 74-75. 
kyanite-topaz brick, load-test results, 
(9) 281; see also Kyanite. 
kyanite-topaz, lightweight compositions 
effect of plastic kaolin roper 
ties before and after reheat tests, *&) 
see also Refractories, lightweight. 
kyanite. -topaz, properties after preheat at 
1500°C., variable te-perature load-test 
results, (9) 280. 
lightweight, superduty, Bur. Mines vs. com- 
mercial test samples, reheat test proper- 
ties at 1600°C., (8) 244; load tests, con- 
stant and variable, tables, (8) 245. 
lightweight, pouperduty. porosity ana density 
curves, (8) composition and reheat 
test results, tables, (8) 244. 
teat tests for kyanite-topaz brick, (9) 279- 


pyrometric cone equivalent (P.C.E.). effect 
of clay content and quality, (8) 240. 

in Owens drips and stalac- 
tites, photo, (11) 


Refractories (continued) 

refractory i of shane in (11) 334. 

refractory oxides, suboxide forms, conver- 
sion at high temperatures, (10) 293; 
study of refractories and 

ags, (1. 

silica brick, mineral analysis and volume 
expansion of cristobalite, (10) 285. 

silica fire clay, chemical analysis of raw 
materials, effect of eee of grind on 

suboxide significance, 

10) 


topaz, domestic kyanite, and synthetic 
mullite corundum as substitution for 
India kyanite, raw topaz as high-tem- 
oa bond for domestic kyanite, IV, 


topaz ore, calcination in rotary kiln, (6) 181; 
see also 
zirconium, lass furnaces as source of 
stones, (1 
Refractory stones in glass. See Stones. 
Ring sections of glass containers, tentative 
standard procedure for examination, (3) 


Rotary kilns. See Kilns. 

Rutile “bodies, compacting pressure vs. di- 
mensions, dielectric constant, and dis- 
sipation factor, tables, (6) 178. 

dielectric constant and temperature de- 
pendence, curve, (6) 179. 

dissipation factor and dielectric constant vs. 
temperature, (6) 176; variation of dis- 
sipation factor and capacitance with 
temperature, curves, (6) 


Saggers, pin chippin-, prevention, (9) 282; 
structure vs. pe.iormance, relation, (9) 
283; refractory bases, expansion curves, 
(9) 283-84. 

ware, body compositions claze co- 
herence, pikee. and receptivity test 
data, (7) 

Sedimentation analyses, effect of novpolar 

liquids, 7 
methods for a measurements of 
Gente tales, (11) 321; correction, (12) 


Semivitreous ware. See Viireous ware, 
semtvitreous. 

Shales from northern and southern Ill., 
thermal curves, (3) 74-75; see also 
Clays; Kaolius. 

Shrinkage, differentia:, and particle shape of 
steatite talc bodies, (11) 317. 

Sieve method. See Methods. 

Silica and alumina in glass, semimicro-de- 
termination methods, (5) 139-40. 

conversion to silicon monoxide at high tem- 
peratures, SiO history, (10) ~04; 


roperties, uses, and experiments on 
iO, (10) 294-95. 
in enamels, effect on abrasion resistance, 
(12) 367-68. 


expansion data, p ies of test samples, 
inversion data, (10) 290-91. 
— sluggish and low-to-high types, 
suboxide forms, CrO, properties and func- 
tions, (10) 296. 
Silica brick. See Refractories. 
Silica fire clay, pyrometric cone equivalent, 
effect of c’ ay fineness of grind and quality, 
(8) 239-40. 
monoxide, vitreous, decom — 
products, photomicrograph, (10) 
sublimate of :SiO, photo, rit 


Sink-foat methods for glass density measure- 
ments, (9) 263. 
casting, aging time for, effect on kaolin 
and ball clays, curves, (4) 1 
casting, amount and effect 
on kaolin, curves and data, (4) 104. 


casting-rate determination, cup method, 


(4) 112, 

clay-flint ratio, effect on kaolin and feld- 
spar substitution for flint, (4) 107. 

control methods, (4) 103. 

mixing time, mixing sequence, and varia- 
tion of vacuum pressure, effect, curves 
and table, (4) 106 

particle numbers and spacing in sus- 
pension, calculation, (5) 157. 

plaster of Paris moid for, design, (4) 102; 
mold for cup-casting rate determina- 
tion, (4) 102, 

viscosity curves, actual vs. calculated, 
viscosity values, (5) 156-57; viscosit 
aud yield-point calculations, (5) 157. 

water content, effect, curves, (4) 103 

clay, cup method for casting rate, (4) 112. 


(continued) 


Slips 
clays for, conn characteristics, improved 


methods (4) 9 

test apparatus, diagram. process, 

drier and stirrer for preparation, (4) 99. 

electrolytes in, effect on kaolin and ball clay 
content, curves, (4) 107-108, (4) 110. 

enamel, clays for, physica! and chemical 
properties, X-ray patterns, (9) 253-254. 

enamel, clays in, single clays and in com- 
bination, properties, (9) 258-60. 

flint in, effect of particle ~ on ball clays, 
curves and data, (4) 10) 

glaze, coherence, surface Gites thickness, 
and firing, test results, (7) 204-207; see 
also Glaszes. 

ame, specifications, flow-stress curve, (7) 


properties, Bichner funnel vs. cup-cast 
tests, thixotropy and shrinkage data, (4 


109; pro ym of bodies tests com- 
pared, (4 

and tests, (7) 
04—20. 


ulomiee tests, Stormer viscosimeter for, 
co 88 test curves on casting slips, (4) 


viscosity, apparent, at different rates of 
shear, curves, (5) 152. 
Smoluchowski formula for particle concentra- 
(4) 117. 
glasses, rapid method for estimating, 


Soda-dolomite lime-silica glasses, fluorine 
gad pentoxide substitutions 
) 3 
Sedinm borate-H:0, equilibrium system, 
diagrams, (1) 20 
Sodium carbonate-H:O, equilibrium system, 
diagram, (1) 20; NaCOs-NaF, di 
(1) 22; NaCOr-NaOH diagram, { ) 23. 
Sodium filuoride-H:0, equilibrium system, 
(1) 20; NaF-NaSO,, diagram, 
(1) 
Sodium hydroxide in Gennes solutions, formu- 
las for calculation, (3) 9 
equilibrium diagram, (1) 21. 
Sodium anitrite-H:O, equilibrium system, 
diagram, (1) 21. 
Sodium equilibrium sys- 


tem, dia 
Sodium sulfate te- system, 
diagram, (1) 21; SC and 
NasSO.-NasCOs, diagrams, ab 
Soil nydrometer, calibration curve, (1) 3 
Solids in topochemical states, source, (10) 312. 
Solid state, alkaline earth orthosilicates, reac- 
tions of simple magnesia spinels with, 
(7) 197-202. 
reaction rates between solid soiee, effect of 
topochemical factors, (10) 308. 
Solubility test for enameled -- ware. 
See Cooking ware 
Soluble salts in ename! mill liquors, effect on 
enamel film strength and tearing tend- 
ency, (1) 25; specific types, effect on 
tearing of enamels, (1) 30. 
in enamel mill liquors, fundamental proper- 
ties, (1) 17; basic physical characteristics, 
tables, (1) 18-19; pyrochemical be- 
havior, (i) 21; ible chemical reac- 
tions, formulas. (1) 22. 
ionization behavior, reactions between, 
effect on clay-water systems, (1) 20. 
Sound-absorption, tests on — process tile 
with vermiculite, (2) 51 
Specific shape factor, calculation, (11) 317-18. 
equation fer calculation, 


Spinel. schematic mechanism, 
(10) 314. 


and orthosificates, synthesis of, (7) 198. 
synthesis, tables and reaction tests, (7) 
200-201. 
synthetic, properties, (7) 199 
Steatite, Bakelite, and mica, variation of dissi- 
pation factor with frequency, curves, (6) 
177. 


definition and formula, (2) 33. 

dissipation factor vs. maximum firing tem 
perature, curve, (6) 179 

vs. porcelain, dissipation factor vs. tempera- 
ture, curves, (6) 176. 

and rutile materials, variation of dissipa- 
tee factor with frequency, curves, (6) 
177. 


surface resistivity vs. air pressure for vary- 
ing relative humidity, (6) 180 
Steatite bodies with talc and various powdered 
glasses, (2) 34; empirical formulas of 
glasses, (2) 35. 
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Steatite dielectrics, a ion measurements 
and electrical tests, (2) 35-36; furnace for 
measurements, diagram, (2) 36. 

and phases, (2) 33. 

electrical definitions and for- 
mulas, &) tabular data, (2) 37. 

ar table for systematic classification, 

Steatite-talc, air-separator method for par- 
ticle-size measurements, disadvant 
(11) 320-21; correction, (12) 401. 

jes, particle shape ny 
shrinkage, correlation, (11) 3 
particle-size distribution, (11) 320. 
one, glass coatings on, ‘absence of plastic 
ow in, studies, (11) 352-54 
Stokes’ iaw for particle measurement, (1) 3 
Stones. See also Glass, cords and stones. 
batch, source, prevention, photomicro- 
in (11) 338-40. 
tle slase, quartz as source, (11) 342. 
mi chemical analysis, source, and photos, 


—36. 
source, ies, 
(11) til) 333. 
devitrification types, identification, (11) 
330; in , source, cause, photo- 
micrographs, (11) 340-42. 
devitrite and cristobalite as source in bottle 
lass, description and photomicrographs, 
source in bottle glass, (11) 


in flint bottle glass, (11) 347-49. 

in flint cullet, source, photo, (11) 331. 

in flint glass, sapheins worm, photos and 
data, (11) 335. 

furnace refractories, origin and source, 

in i bli phy and footnote cita- 
t 830-50. 

in vs. translucent, differentia- 

ion 

da in flint, amber and green bottle 
glass, source, identification, and elimina- 
t.or:, (11) 330-50. 

glasshouse, in melting soda-lime bottle glass, 
types, description, and source, p eee 
micrographs, (11) $30 

metal types in flint bottle detect isn 
and photomicrographs, (11) 348-49. 

in molten cast refractory, description and 
photomicrograph, (11) 336-37. 

eline type sources, and chem- 

1) 334-35. 

silica refractory, chemical analysis, source, 
photomicrographs, (11) 338 

os refractory, effect of zirconium, (11) 


sulfate in flint bottle 
photomicrographs, (11 347-48. 

tridymite and cristobalite as source in 
bottle glass, (11) 343. 

wollastonite as source in bottle , de- 
and p ‘ap 


Stormer viscosimeter permeability tests 
on casting clays, Ay: 99-100; thixotropy 
test curves, (4) 109 

Stress in glass and glazes. See Glass; Glazes. 
tia in dinnerware glazes as PbO, CaO, 
and ZnO replacement, (8) 234. 

Strontium, calcium, and barium compounds, 

properties and ‘eutectic melting tempera- 

tures, (8) 234. 

Strontium orthosilicate, synthesis, tabular 
data, reaction tests, (7) 200-201. 

Structural materials, vermiculite as raw ma- 
terial for, (2) 50. 

Suboxide forms of refractory oxides. See 
Refractories, refractory oxides. 


Sulfate stones in flint bottle source and 
photomicrographs, (11) 347-48. 

Surface tension of glaze slips, curves for Tenn. 

ball clay and Texas clay, (7) 296 

ow properties 8 

Einstein, Hatechek, and Ar- 

enius laws for, (5) 151. 
— in, at varying concentrations, (5) 


Synthesis A! spinels and orthosilicates, (7) 
198; of compounds, table, (7) 200. 
ems, clay—water, effect of various soluble 

MeO Ranki and Merwin d 
in iagram 
(11) 827; carve, ay) 329. 
usion experi- 
ments in, (11) 327. 


Tale-clay body, shrinkage curves, effect of 
particle size, (11) 322. 
1, particle-size, comparisons, (11) 
and feldspar, diopside substitution in wall- 
tile body, (11) B24 
Manchurian, dielectrics, chemi- 
cal is, (2 
materials, particle ty ace, 
and volume data, wae 
particle size, method for deter- 
mination, (11) 318 
-pyrophyllite bodies, moisture-expansion 
data at various exposure conditions, 
tables, (12) 356. 
sedimentation methods for measurements 
on particle size, (11) 321. 
shrinkage control, effect of particle shape 
and blends, (11) 317. 
specific shape factor and Ala sta- 
tistical data, (11) 319. 
standard and ‘fine grinds, Sera 
tribution curves, (11) ; shr 
curves, (11) 323. 
Tearing of enamels. , Enamels. 
design, (6) 19 
Th analysis, diterential, application to 
rospecting, (3) 74-75. 
differential, of clays and shales, control and 
rospecting method, (3) 65 
differential, of common clay- minerals and 
nonclay minerals in clays and shales, 
(3) 68; of prepared mixtures of clay and 
nonclay minerals, (3) 69; thermal curves 
for synthetic clay mixtures, (3) 70. 
Thermal decomposition, effect on reacti 
in magnesium formation, (10) 313. 
Thermal e See Expansion. 
~ for density changes in glass, 


drift in ice- reversals and 
effects, (2) 60 
effect of aging, @), ice- 
— change vs. time, curves, (2) 59. 
Thixotropy, definition, 7 for thixotropy 
of suspension, (5) 154; curves for thixo- 
tropy of H-kaolinite fractions, (5) 154. 
of determination, diagram, (5) 


tests on clays for casting slips, Stormer 
viscosimeter for, (4) 99; test curves, (4) 


109. 
=a system, colors developed, (6) 
in rotary kilns. data 
(6) 182. 


calcined and raw, screen o_o ph 
properties, (6) 183; chemical 
raw materiats, products, 182; Gust 
and volatilization losses, (6) 185. 

in ne bodies. See also Kyanite. 


Topaz (continued) 
raw, as high-temperature bond for raw and 

calcined kyanite, 275. 

Topochemica! factors, significance on rate of 
reactions between solid salts, (10) 308. 

Tridymite and cristobalite as source of stones 
in bottle glass, (11) 343. 
bull and Ghering method, for measure- 
ment of centrifuge density spread in 
soda-lime-silica glass, ) 42, 


Vermiculite, expanded, for clay- 


in structural clayware, ermal-conduc 
ete and sound-absorption tests, (2) 


high-temperature, concentric 
cylinder, of photos, (5) 


onsen ture, method of use, photo, (5) 


MacMichael, modified, data on various 
suspensions, (5) 158-63. 
Stormer, for tests on clays, (4) 
99; test curves, (4) 1 
Viscosity of container 1 sean (5) 129; b 
low-temperature viscometers 
measurements, photos, (5) 130-32; + 
mum apd minimum viscosity curves, 
diagram of high-temperature viscosity 
furnace, (5) 136. 
high-temperature measurements, methods 
of calculation, (5) 133-34. 
of suspension, relation * concentration of 
solid, formula for, (5) 1 
Vitreous ware. also Chinaware; Dinner- 
ware. 
low-temperature, cone 01 (12) 358. 
semivitreous, clay-flint-fel body, mois- 
ture-expansion data, (12) 
semivitreous, moisture- die data, on 
bisque and glazed bodies, (12) 355; - 
served and ultimate expansion at coue 9, 
curve, (12) 357. 
Volume-expaasion measurements on cristo- 
balite. See Expansion. 
Vycor-brand glasses. See Glass, V ycor-brand. 


Wall tile, colors in, effect of diopside substi- 
tutions for talc and feldspar, (11) 325. 
diopside additions and substitutions for 
tale and feldspar, compositions, firing 
temperatures, thermal- expansion, glaze 
trial results, moisture-expansion, 
absorption data, (11) 324-36. 
glaze and frit formulas, glaze trials, test 
results, (11) 324, (11) 326. 
Water film in plastic clay, nature, deter- 
mination, and stability, (3) 77-79. 
Whiteware. See also Chinaware; Porcelain, 
electrical; Vitreous ware. 
y bond determination, 
method, (2) 4 
glazes. Ste Closes; Slips. 
pet phic study of ished sections 
powder mounts, for glassy phase, 
crystals, and pores, (2) 40-41. 
semivitreous bodies, moisture-expansion 
data at varying storage periods, (12) 
355-57. 
Wollastonite as source stones in bottle 
glass, (11) 344-45. 


formation, photo, (10) 


“rows inel formation, intermediate stages 
iagram, (10) 314. 
Zinc ‘oxid e and a-iron oxide, lattice imperfec- 
tions, tabular data, (10) 312. 
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Abramson, H. determination of 
charge of Bahn, by microscope method 
of electrophoresis, (4) 116. 


Adams, L. H., and Williamson, Wy D., anneal- Ameri 


ing of glass, (2) 58, Ao) 146, (9) 272. 
Albers-Schinberg, E., Hochfrequenzkeramik 
(high-frequency ceramic products), (6) 


176. 
Albro, A. B., anal of silicon compounds, 
(10) 293. = 


American Institute of Electrical Engineers, 
American standard definitions of elec- 
trical terms, (6) 180 

can Society of Heating and eens 

Engineers, Guide on thermal conduc- 
tivity of materials, (2) 51. 

American Society for Testing Materials, Non- 
metallic materials, III, 1942, (6 Bans 
standard method of mechanical a ysis 
of soils, A.S.T.M. designation 30, 


(1) 2; Symposium on new met hod 
particle-size determination in subsieve 
range, (1) 2; tentative method of hydro- 
static pressure test on glass containers. 
C147-40T, (3) 86; tentat ive method of 
lariscopic examination of glass con- 
tainers, C148-40T, (3) 85; tentative 
method of thermal-shock test on con- 
tairers, C149-40T, (3) 85. 
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chart method of controlling quality dur- 
ing production 12) 374. 

Andreasen, +» grinding of materiale, 
experimental research on 
particle-size determinations incident to 
disintegration process, (1) 2; validity of 
law for nonspherical es, 


Andrews, A. L., Enamels, (1) 23, (2) 46, (3) 90, 

Andrews, A. I., and Cook, R. L., Enamel 
laboratory manual, (2) 48. 

Andrews, A. I., and Swift, H. R., iron oxide in 

qos glass as dissolved from metal base, 


Andrews, A. bang Zwermann, C. H., funda- 


manaets colors in porcelain enamels, 
Tabies of Constants and Numerical 


Data, Vol. IV, (1) 23. 


Lésungen, 8) ib 

Athavale, V Jatkar, 
tions of at high 
ORT ition of calcium chromate, III, 


hods of 


Babcock, C. L., surface-tension measurements Bo 


on molten glass by modified dipping- 

. linder method, (6) 186; viscosity and 

conductivity of molten glasses, 
) 

Bacon, F. R., and Burch, O. G., effect of time 
and temperature on accelerated chemical 
durability -_ on commercial glass 
bottles, (2) 53 

Badger, A. E., effect of various gaseous at 


utilization of silica, (10) 293. 

Boericke, F. S., equilibria in reduction of 
chromic oxide by carbon and their rela- 
tion to decarburization of chromium and 
ferrochrome, (10) 296. 

Bonhoeffer, K. F., existence of gaseous silicon 
monoxide, (10) 294. 

. A. and Durrer, 
studies for determination of meltin 
ams of system Med. (7) 


99. 
Boonton Radio Corp., Instructions and man- 
ual of radio frequency measurements, (2) 


reac- Bouyoucos, G. J., comparison between pipette 
method and hydrometer method for 
mechanical analyses of soil, (1) 2; hydrom- 
eter as new and rapid method for ave 
mining colloidal content of soils, (1) 2 
sensitive hydrometer for deter ermining 
smali amounts of clay or colloids in soils, 


1) 2. 
identification of stones in glass, 
Bow N. “Ai Greig, J. W., system AlsOs- 
Bradley, R. S., Schroeder, F. W., and Keller, 
w. D.,. study of refractory properties of 
AX 181, (9) 278. 
to: Atomic structures of minerals, 


Braver, of columbium, (10) 297. 
SE Emmett, P. H., and Tellier, E., 


~ = vitrification of ceramic 
10) 29 
Badger, A. E., Parmelee, C. W., and Williams, 
A. E., surface tension various molten 
(6) 186. 
Badger, A. E., and Pinnow, H. R., vanadium 
and chromium oxides in refractories as 
-_ in elimination of cords in glass, (5) 


Badger, ‘A. E., Uhrmann, C. J., and Ottoson, 
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refractories, (5) 143. 

. A., color symposium, measure- 
ment and designation of small color 
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Baly, E. C. 121. 
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urement and control 
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transposed so that the upper scale is designated ‘% Fine”’ 
and the lower “% St’d.”” The curves will then indicate 
that the shrinkage is higher when the ultra-fine talc is used, 
which is actually the case. 
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YOUR CERAMIC EDUCATION 


Are you keepin posted on the ceramic industry and the new things that 
are happening? Do you know how this industry compares with oh in 
development and production? Do you know where this industry stands in 
postwar products? 


Do you read the publications that are presented each month for the 
purpose of keeping you informed? There is an imposing list available. 
You should be familiar with them. Here they are: 


Y For PLant DEVELOPMENT, PRODUCTION, PERSONNEL, AND 
GENERAL News 


American Glass Review Ceramic Industry 
Better Enameling Enamelist 

Brick & Clay Record Finish 

Bulletin of The American Ceramic Society Glass Industry 
Ceramic Age National Glass Budget 
Ceramic Forum 


Clay Products News and Ceramic Record (Canadian) 


For TECHNICAL INFORMATION 


American Refractories Institute Technical Bulletin 
Journal of The American Ceramic Society 
Journal of The Canadian Ceramic Society 


Y For SAces AND MARKETING News 


Crockery and Glass Journal 
Retailing-Home Furnishings 


All of these magazines and those of foreign countries are reviewed for you 
in Ceramic Abstracts of The American Ceramic Society so that you can locate 
the references to the interesting originals of all articles. 
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Forty-Seventh 
Annual Meeting—Reconversion Congress 
American Ceramic Society a 
April 15-19, 1945 
Headquarters 


HOTEL STATLER, BUFFALO, N. Y. 


DIVISION PROGRAM CHAIRMEN 


DESIGN: C. M. Harder, Alfred University, Alfred, N. Y. i 
ae W. W. Higgins, A. O. Smith Corp., 3533 North 27th St., Milwaukee, | 
is. 


GLASS: Louis Navias, General Electric Co., Research Lab., Schenectady, N. Y. 


MATERIALS AND EQUIPMENT: W. E. Dougherty, 52 N. Emily St., Pitts- 
burgh 5, Pa. 


REFRACTORIES: C. A. Freeman, A. P. Green Fire Brick Co., Mexico, Mo. 


STRUCTURAL CLAY PRODUCTS: A. C. Jackson, 464 Eastmoor Blvd., 
Columbus, Ohio 


WHITE WARES: E. P. McNamara, Dept. of Ceramics, Rutgers Univ., New 
Brunswick, N. J. 


ALL DIVISIONS 
MEETING SIMULTANEOUSLY 


Fellows, Institute of Ceramic Engineers, Ceramic Educational Council, Ceramic 


Camera Club 
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